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Abstract. A precise description of neutrino-nucleus reactions will play a key role in
addressing fundamental questions such as the leptonic CP violation and the neutrino
mass hierarchy through analyzing data from next-generation neutrino oscillation
experiments. The neutrino energy relevant to the neutrino-nucleus reactions spans
a broad range and, accordingly, the dominant reaction mechanism varies across the
energy region from quasi-elastic scattering through nucleon resonance excitations to
deep inelastic scattering. This corresponds to transitions of the effective degree of
freedom for theoretical description from nucleons through meson-baryon to quarks.
The main purpose of this review is to report our recent efforts towards a unified
description of the neutrino-nucleus reactions over the wide energy range; recent overall
progress in the field is also sketched. Starting with an overview of the current
status of neutrino-nucleus scattering experiments, we formulate the cross section to
be commonly used for the reactions over all the energy regions. A description of the
neutrino-nucleon reactions follows and, in particular, a dynamical coupled-channels
model for meson productions in and beyond the ∆(1232) region is discussed in detail.
We then discuss the neutrino-nucleus reactions, putting emphasis on our theoretical
approaches. We start the discussion with electroweak processes in few-nucleon systems
studied with the correlated Gaussian method. Then we describe quasi-elastic scattering
with nuclear spectral functions, and meson productions with a ∆-hole model. Nuclear
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modifications of the parton distribution functions determined through a global analysis
are also discussed. Finally, we discuss issues to be addressed for future developments.
PACS numbers: 13.15.+g, 12.15.Ji, 14.60.Pq, 25.30.Pt
Keywords: neutrino-nucleus interaction, neutrino oscillation
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1. Introduction
Extensive researches on reactors, accelerators, solar and atmospheric neutrinos have
revealed fundamental properties of the neutrino [1, 2, 3, 4]. Current objectives of
neutrino experiments are to precisely determine the neutrino mixing angles and CP
violating phase, and to solve the neutrino mass hierarchy problem. Those neutrino
properties will be studied with the long-baseline neutrino oscillation experiments such
as HK [5, 6] and DUNE [7] near future. To extract the neutrino properties from
the neutrino oscillation experiments, one of the major sources of systematic errors is
uncertainties in neutrino-nucleus reaction cross sections. Actually, these uncertainties
are already one of dominant sources of the systematic errors in the recent neutrino
oscillation experiments like T2K. For example, total systematic errors of the number
of νe and ν¯e appearance events are O(6%), and about half of the errors is coming
from the uncertainties in the neutrino-nucleus reaction cross sections (Table XX of
Ref. [8]; Sec. V F 3 of Ref. [9]). Therefore, reducing these uncertainties is one of the
most important tasks for the currently running and also for the future high precision
experiments. Thus a quantitative understanding of the neutrino-nucleus reactions at the
level of a few percent accuracy is required to achieve the above-mentioned objectives of
the neutrino oscillation experiments [5, 6, 7, 10, 11, 12, 13, 14, 15, 16].
The neutrino energy relevant to the oscillation experiments spans from several
hundred MeV to tens of GeV, and thus the neutrino-nucleus reactions over a wide
kinematical region need to be understood. From the low to high energy side, the
neutrino-nucleus reaction is characterized by the quasi-elastic (QE), resonance (RES),
and deep inelastic scattering (DIS) regions (Fig. 1). The neutrino-nucleus reactions in
each of the regions have quite different characteristics and, accordingly, effective degrees
of freedom for theoretical descriptions are quite different. In the QE region, an incident
neutrino interacts with one of nucleons inside a nucleus quasi-elastically, and thus
nucleons are the effective degrees of freedom. Meanwhile, in the RES region, the internal
structure of a scattered nucleon is excited to a resonant state that subsequently decays
into a meson-baryon final state; here a meson-baryon dynamics plays a central role.
Finally, in the DIS region, a high-energy neutrino even directly sees the subcomponent
of the nucleon: the quarks and gluons, or collectively the partons. Perturbative QCD
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Figure 1. Kinematical regions of the neutrino-nucleus interaction relevant to the
next-generation neutrino-oscillation experiments. The energy transfer to a nucleus and
the squared four-momentum transfer are denoted by ν and Q2, respectively.
and non-perturbative parton distributions in the nucleon (bound in a nucleus) are basic
ingredients for a theoretical description.
Although we roughly divided the kinematical region into three based on the reaction
mechanisms, the reality is more complicated. For example, it is well-known that the
QE and RES regions overlap to form the so-called ‘dip’ region (the dip between the
QE and ∆(1232) peaks of the nuclear response), and there, processes that involve more
than single nucleon (often called two-particle two-hole (2p2h) or n-particle n-hole (npnh)
processes) give an important contribution. An example of the 2p2h processes is a process
where a pion produced through a ∆(1232)-excitation is absorbed by a surrounding
nucleon, leading to a two-nucleon emission. Therefore, in order to understand the dip
region, the elementary single nucleon amplitudes for the QE and RES regions should
be consistently implemented in a nuclear many-body theory. We also point out that
the kinematical region has not necessarily been correctly divided previously. Namely,
multi-pion emission rates beyond the ∆(1232) but still within the (higher-)resonance
region have been often estimated with a parton (DIS) model that is extrapolated to the
lower W region (W : total hadron energy) where the model is in principle not valid. It
is important to correctly define the RES and DIS regions considering W and Q2, and
construct a model suitable for each of the regions.
Obviously, it is essential to combine different areas of expertise to construct ‘a
unified model’ for the neutrino-nucleus reactions covering all of the kinematical regions
discussed above. Here, ‘a unified model’ does not mean a single theoretical framework
that works over all the kinematical region in question. Rather it is constructed by
consistently combining baseline models for each of the kinematical regions characterized
by the reaction mechanisms, so that transitions between the different kinematical regions
can also be well described. In this sense, there already exist several unified models such
as neutrino interaction generators (the NEUT [17], the GENIE [18], and the NuWro [19])
that are often used in analyzing data from neutrino experiments. The GiBUU [20]
that particularly features a semi-classical hadron transport can also be regarded as
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a unified model. However, it would be still hoped to develop a new unified model
that consists of theoretically and also phenomenologically more well-founded models.
Thus, to tackle this issue, experimentalists and theorists recently got together to form
a collaboration at the J-PARC Branch of KEK Theory Center [21]. The ultimate goal
of this collaboration is to develop a unified model that comprehensively describes the
neutrino-nucleus reaction over the QE, RES, and DIS regions. A general outline of our
strategy to achieve this goal is the following:
(i) We first develop baseline models describing the QE, RES, and DIS regions
individually, by applying appropriate physics mechanisms and theoretical
treatments, as mentioned above, to each kinematical region.
(ii) We then connect the hadronic model describing the QE and RES regions to the
perturbative QCD model of DIS by matching the cross sections and/or structure
functions computed from the two at certain points or region in the (Q2, ν) plane,
where the transition of the basic degrees of freedom (hadrons versus quarks and
gluons) of the reactions is expected to occur.
The purpose and also the unique feature of this article is to report the current
status of developing, based on our own approaches, the baseline models for each of
the kinematical regions and discuss a future perspective towards a unified neutrino-
nucleus reaction model that consists of those baseline models. On the other hand, this
article is not intended to comprehensively review all the developments in the field of
the neutrino-nucleus reactions on equal footing, although we also cite and sketch other
approaches and their recent developments. There exist several review papers on the
neutrino-nucleus scattering physics [10, 11, 12, 13, 14, 15, 16] as briefly introduced in
the following, and we refer readers to those papers to find more overall developments in
the field. Extensive compilation and explanation of existing data for neutrino-nucleon
and neutrino-nucleus reactions over the low-energy, QE, RES, and DIS regions are given
in Ref. [11]. References [10, 13] particularly focused on the QE processes, summarizing
recent theoretical and experimental results, and issues to be resolved. Theoretical
approaches to nuclear many-body problems particularly relevant to the QE processes
along with the influence of the theoretical treatment on the determination of the neutrino
oscillation parameters are discussed in Ref. [14]. Reference [15] discusses neutrino
interaction generators and particularly the transport approach GiBUU [20], and their
role on the energy reconstruction of incident neutrinos and thus the determination of the
neutrino oscillation parameters. References [12, 16] focus on the neutrino interactions
on nucleon and nucleus up to a few GeV, putting emphasis on recent developments
in the QE-like processes involving multi-nucleon mechanisms; incoherent and coherent
meson and photon productions are also discussed.
We spend the rest of this section to describe the organization of this article, and
also specify key questions to be addressed in each section.
Sec. 2: We review the current experiments on neutrino-nucleus reactions and the
understanding of the data in terms of neutrino reaction generators. Then we
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summarize open questions and future prospects. These form the introduction of
this article.
Sec. 3: We present a cross section formula for neutrino-nucleon(nucleus) reactions for all
kinematical regions, and discuss neutrino-nucleon reaction models that are the key
building blocks of neutrino-nucleus reaction models. Then we give a dedicated
discussion on our recent development of a dynamical coupled-channels model for
the whole RES region. There has been a strong demand to develop a model
that works well in a region between the ∆(1232) and the boundary with the DIS
where a reliable model has been missing. Such a model should be able to describe
the resonant character of the reactions and important two-pion productions. Our
development meets this demand. We have achieved, for the first time, to develop a
neutrino-nucleon reaction model that fully satisfies the coupled-channels unitarity.
The model is constructed from the analysis of pion-, photon- and electron-induced
reaction data including multi-meson productions. Comparisons with currently
available models are also given.
We then move on to the neutrino-nucleus reactions. Though a main feature of
the neutrino-nucleus reactions in the QE, RES and DIS regions can be understood
qualitatively from the corresponding elementary processes, an accurate description is
very difficult because of the involved nuclear many-body problem. The experience
and knowledge on both the reactions and structures of nuclei accumulated in the
nuclear physics must be integrated to understand the whole processes of neutrino-nucleus
reactions.
Sec. 4: We discuss the low-energy neutrino reactions in few-nucleon systems. This system
is particularly attractive as one can describe the nuclear many-body problem
accurately with ab initio calculations. A development of the ab initio calculation
up to the QE region is highly hoped because it can test, through a comparison with
data, meson exchange currents and nuclear correlations in the energy region relevant
to the oscillation experiments. The ab initio calculations require a sophisticated
technique and experience. Here, we discuss an ab initio approach formulated by
a combination of correlated Gaussian and the complex scaling method. Then we
report an application of this approach to neutrino-4He reactions which has a direct
relevance to the neutrino heating in supernova explosions.
Sec. 5: We discuss QE processes. It is well-known that the QE process dominates the
cross sections for neutrino reactions on nuclei of A >∼ 10 (A: mass number) at the
neutrino energies between 0.1 GeV and 1 GeV. A challenge here is to accurately
take account of nuclear correlations in the initial and final states. We describe
the QE process with the nuclear spectral function and the final state interactions,
and show that this approach can provide much better description of data than the
conventional Fermi-gas model does.
Sec. 6: We discuss neutrino-nucleus reactions in the RES region. Here, a question is how
we microscopically describe hadron dynamics in a nuclear system. We discuss
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the nuclear effects, such as the rescattering and absorption of pions and the ∆
propagation in nuclei. The rescattering of a produced pion with a spectator nucleon,
and the final state interaction between nucleons are examined for the neutrino-
deuteron (ν-d) reaction. The ν-d reactions play key role to determine the axial
vector coupling of the N∆ transition which is an input for describing the neutrino-
nucleus reactions. The pion production reactions in nuclei in the ∆ resonance region
have been studied extensively in terms of the ∆-hole approach. As an application
of this approach, we discuss neutrino-induced coherent pion-production reactions.
Sec. 7: We discuss neutrino-nucleus reactions in the DIS region. The nuclear medium
effects in the DIS region are an interesting and important question. An answer to
this question is needed for describing nuclei in terms of quark and gluon degrees
of freedom. Also, some previous analyses claimed that the nuclear effects can
be different between charged lepton and neutrino DIS. We discuss the current
status of the nuclear parton distribution functions from a global analysis of the
world data in connection with the neutrino-nucleus reactions. In the region of
small Q2 and large ν (see Fig. 1 for the definition of Q2 and ν), it is, however,
difficult to treat the neutrino-nucleon interaction in terms of perturbative QCD,
and thus we will need a help from some other approach such as those based on the
Regge phenomenology to describe it. We will briefly summarize such studies, and
introduce recent parametrizations for the neutrino reactions. Furthermore, we will
also discuss how the Regge region with the small Q2 and large ν could be connected
to the regions of DIS and RES.
Sec. 8: We summarize future prospect on how we take an approach towards a unified
understanding of the neutrino-nucleus reactions over the wide W and Q2 regions.
2. Experimental status
From early 1970’s, neutrino-nucleon/nucleus scatterings were intensively studied with
bubble chambers. The bubble chamber detector provides clear images of the neutrino
interactions. The charged particles produced in the detectors are identified efficiently
and momentum thresholds of the particles are quite low. Also, these detectors are
magnetized and charge and momentum of a particle could be measured by the trajectory.
Type of a particle could be identified with the thickness of the trajectory, which
corresponds to the energy deposit per unit length. Therefore, it is possible to reconstruct
nucleon resonance mass with observed charged pion and proton. On the other hand,
detection efficiency of gamma was not so high because of the limited size of the detector
and there are some difficulties in differentiating low momentum pions from muons by
thickness of the track because the masses of these two particles are quite similar. Also,
all the images were scanned manually and thus, statistics is limited. Understandings
of the incident neutrino fluxes were not satisfactory compared to the standard today.
Still, the data sets from the bubble chamber are valuable because recent experiments
use different detectors and thus, characteristics of the detector is completely different.
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These bubble chamber experiments have measured not only total cross sections but
also differential cross sections, for example, dσ/dQ2, dσ/dW and so on. Furthermore,
some of the bubble chamber experiments have used the Deuterium target (ANL [22, 23],
BNL [24, 25], BEBC [26] and FNAL [27]) and they provide neutrino interaction with
quasi-free neutron, which could not be achieved by the other later experiments. The
other experiments used heavier gases, like Neon, Propane and Freon. These experiments
used wide variety of neutrino beam, ranging from a few hundreds of MeV to several
tens of GeV. Therefore, various interactions like quasi-elastic, single pion production
and deep inelastic scattering of both charged and neutral currents are studied. There
are several other neutrino experiments, which have used high energy neutrino beam to
study weak interaction, nuclear structure ( structure function xF3 measurements ) or
short baseline neutrino oscillations. Among them, CHORUS experiment [28] used the
emulsion detector with a calorimeter and a muon spectrometer. The emulsion detector
provides precise particle track information even around the vertex. The NOMAD
experiments [29] used the low averaged drift chambers as the active target. These
experiments provided not only the differential cross sections but also charged hadron
multiplicities. These multiplicity information are also useful to understand the neutrino
interactions at higherW region. CDHS [30], CCFR [31] and NuTeV [32, 33] used similar
detectors but optimized for the beamline of each experiment to measure the total cross
sections and differential cross sections to extract the structure function, xF3. Results
from these experiments are basically well explained by a simple model of neutrino-
nucleon or neutrino-nucleus reactions within the statistics and the systematic errors.
In 1999, the K2K experiment, the first long-baseline neutrino oscillation experiment
to confirm the atmospheric neutrino oscillation, started data taking and collected
neutrino interaction data with the near detectors. They found that the forward going
muons are much fewer than expected. This observation was found not only in the 1kt
Water Cherenkov detector but also in the scintillating fiber tracker detector (SciFi) [34]
and the full active scintillator bar detector (SciBar) [35]. The forward deficit was well
explained by increasing the axial coupling parameter (MA) for charged current QE
(CCQE) and CC resonance production, and also by applying the correction to the
parton distribution function suggested by Bodek and Yang [36]. The K2K experiment
did not publish the absolute cross section but they have extracted MA by fitting the
shape of dσ/dQ2. The extracted MA value was ∼ 20 % larger than the nominal value,
∼ 1.0 GeV/c2 (Fig. 2) [34].
From 2008, the MiniBooNE experiment started publishing the results of various
cross section measurements [37, 38]. This experiment utilizes relatively low energy
neutrino beam (average Eν ∼ 0.8 GeV) and they used the oil Cherenkov detector. They
confirmed that the forward going muons are fewer than expected, as observed in K2K.
Interestingly, the observed number of CCQE-like events are a few tens of % larger than
simple Relativistic Fermi-Gas model prediction. Even after considering the uncertainty
of the absolute beam flux, the number of CCQE-like events are significantly larger than
the simple model predictions. A similar small Q2 deficit was also observed in the MINOS
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Figure 2. The data and the best fit Q2rec distributions for K2K-1 1 track data
(left) and K2K-IIa data (right) from SciFi detector. The shaded region shows the
QE fraction of each sample, estimated from the MC. The lowest two data points in
each plot are not included in the fit, due to the large uncertainty from various nuclear
effects. The best fit value is MA = 1.20 GeV/c
2 for CCQE. (c) APS [34]
experiment [39] and the best fit MA value is almost the same as the one from the K2K
experiment [34].
These results are interesting in various aspects. The forward going muon deficit or
small Q2 deficit are likely to be due to the inappropriate model for the CCQE reaction
on a nucleus and it is necessary to have a more sophisticated model compared to the
simple Fermi-Gas model. However, most of the CCQE cross sections from sophisticated
models are smaller than those from the simple Fermi-Gas model. On the other hand,
the observed results are larger than the Fermi-Gas model gives, and this implies that
these analyses may be missing some mechanisms. One of the candidates of the ‘missing’
components is multi-nucleon interactions. These have been observed in the electron-
nucleus scattering experiments and thus, it is quite natural to observe them also in the
neutrino-nucleus scattering experiments. The MINERνA experiment tried to identify
this kind of interactions [40].
The pion productions via resonance for both nucleon and nucleus target have been
studied with the bubble chamber experiments. However, statistics was not sufficient
especially for this interaction mode. Then K2K [41] and MiniBooNE [42] experiments
measured the neutral-current (NC) π0 production. The number of events, momentum
and angular distributions agree quite well with the expectations and past experiments.
On the other hand, CC π+ production measured in MiniBooNE [43] did not agree
with the expectation, and the pion momentum distribution is also different from
those from MINERνA [44]. The source of these differences is not clear and further
experimental data are still needed. These differences are expected to be related to
the pion re-scattering both in nucleus and in the detector. Therefore, it is crucial
to understand not only the initial momentum and directional distributions of pions
but also pion interactions. Another interesting topic is the coherent pion production,
which is the interaction of neutrino and nucleus without breaking up the nucleus. This
interaction produces just lepton and pion in the final state and no nucleons are emitted.
Experimentally, this interaction has been studied by searching for the pion + lepton
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events without nucleon emission. The K2K [35] and SciBooNE [45] experiments found
that the cross section of CC coherent pion production in ∼ 1 GeV region, is much
smaller than the simple PCAC based model [46]. The MINERνA experiment measured
the cross section around a few GeV region, and found them consistent with the recent
calculations [47]. The interesting point is that the cross section for the NC coherent
pion production was observed to be consistent with the same simple PCAC model in
K2K [41] and MiniBooNE [42].
Neutrino-nucleus deep inelastic scattering has been used to determine the structure
function xF3 and parton distribution functions. In the past experiments, experimental
data are corrected and analyzed to determine the structure functions of iso-scalar nucleus
or nucleon [30, 31]. Recently, MINERνA experiment are collecting a large amount of
data from 5 GeV to 50 GeV and started studying the partonic nuclear effects [48]. They
have observed the deficit in the small x region which is so-called shadowing region. It is
important to understand the nuclear dependences of DIS in the experiments where the
neutrino beam of this energy range is utilized.
3. Neutrino-nucleon reactions
In this section, we first present a general formula that represents cross section for
neutrino-nucleon and neutrino-nucleus reactions for all kinematical regions within the
standard model. The cross section formula is written in terms of the structure functions.
We will briefly sketch how the structure functions are modeled and evaluated in different
kinematical regions such as the QE, RES, and DIS regions. Then we spend a substantial
portion of this section to discuss our own work on the dynamical coupled-channels model
for the RES region.
3.1. Cross section formula
The charged current (CC) and neutral current(NC) semi-leptonic reactions on a nucleon
or on a nucleus are described by the effective interaction from the standard model as
LCC = − GF√
2
m2W
m2W +Q
2
∫
d4x[JCCµ (x)l
CC µ(x) + h.c.], (1)
LNC = − GF√
2
m2Z
m2Z +Q
2
∫
d4xJNCµ (x)l
NCµ(x), (2)
where GF is the Fermi coupling constant, and l
µ and Jµ are lepton current and quark
current, respectively; mW and mZ are the weak boson masses. The quark currents are
given as follows,
JCCµ (x) = u¯(x)γµ(1− γ5)d′(x) + c¯(x)γµ(1− γ5)s′(x) , (3)
JNCµ (x) =
∑
q=u,c
q¯γµ
(
1
2
(1− γ5)− 4
3
sin2 θW
)
q(x)
+
∑
q=d,s
q¯γµ
(
−1
2
(1− γ5) + 2
3
sin2 θW
)
q(x) , (4)
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l
l′
i
f
W+ or Z
q
pl
pl′
P
pf
Figure 3. The neutrino-nucleon (nucleus) reaction. The participating particles are
the initial (l) and final (l′) leptons, and the target (i) and final (f) hadrons, and the
weak boson (W+ or Z) is exchanged between the lepton and the hadron. Beside the
line for each of the particles, its four-momentum is indicated.
where we kept terms relevant to our following discussions. The weak eigenstates, d′ and
s′, are written in terms of mass eigenstates and Cabibbo-Kobayashi-Maskawa (CKM)
matrix; θW is the Weinberg angle. For an analysis of neutrino-nucleus reaction in the
QE and RES region, it is convenient to write the quark currents with the vector (Vµ)
and axial (Aµ) currents as,
JCCµ (x) = Vud(V
+
µ (x)−A+µ (x)) , (5)
JNCµ (x) = (1− 2 sin2 θW )V 3µ (x)− 2 sin2 θWV sµ (x)− A3µ(x) (6)
= V 3µ (x)− 2 sin2 θWJEMµ (x)− A3µ(x) , (7)
where the superscript +(−) indicates the isospin raising (lowering) current, ’3’ is the
third component of the isovector, and ’s’ is the isoscalar current; ’EM’ indicates the
electromagnetic current. The lepton currents are given as
lCCµ (x) =
∑
l=e,µ
l¯(x)γµ(1− γ5)νl(x), (8)
lNCµ (x) =
∑
l=e,µ,τ
ν¯l(x)γµ(1− γ5)νl(x). (9)
We consider a neutrino-nucleon (neutrino-nucleus) reaction that can be
diagrammatically represented in Fig. 3. With a matrix element of the above weak
interaction and also with kinematical variables defined in Fig. 3, we can write down the
cross section in the laboratory frame as
dσα
dΩl′dEl′
=
G2FC
2
α
8π2
|pl′|
|pl| L
µνW αµν , (10)
where α = CC or NC; Q2 = −q2 and Cα = 1/(1 + Q2/m2W ) [Cα = 1/(1 + Q2/m2Z)] for
α = CC [NC]; Lµν and W µν are the lepton and hadron tensors, respectively. The lepton
tensor is written as
Lµν = 2[pµl p
ν
l′ + p
ν
l p
µ
l′ − gµν((pl · pl′)−mlml′)± iǫµναβpl,αpl′,β], (11)
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where +(−) in the last term is for neutrino (anti-neutrino) reactions. The hadron tensor
is defined by
W αµν =
∑¯
i
∑
f
(2π)3V
ET
MT
δ(4)(P + q − pf )〈f |Jαµ (0)|i〉〈f |Jαν (0)|i〉∗ , (12)
where V is the quantization volume that disappears in final results; ET and MT are the
energy and the mass of target hadron;
∑¯
i is the average of the spin states of the target
hadron; 〈f |Jαµ (0)|i〉 is a matrix element of the quark currents between hadronic states,
|i〉 and |f〉. The hadron tensor includes all information of the hadron response to the
current Jαµ . For an inclusive reaction, the hadron tensor can be expressed using two
available vectors, the momentum of the target (with mass MT ) P and the momentum
transfer q, as
W α,µν = − gµνW α1 +
W α2
M2T
P µP ν + i
W α3
2M2T
ǫµνρσPρqσ
+
W α4
M2T
qµqν +
W α5
M2T
(P µqν + qµP ν) +
W α6
M2T
(P µqν − qµP ν), (13)
where we have introduced six structure functions Wi(ν,Q
2) where ν ≡ p0l − p0l′. Then
the neutrino-hadron inclusive reaction cross section for the laboratory frame is given
with the structure functions as
dσα
dΩl′dEl′
=
G2FC
2
α|pl′|El′
2π2
[
2W α1 sin
2 χ
2
+W α2 cos
2 χ
2
± W
α
3
MT
(
(El + El′) sin
2 χ
2
− m
2
l′
2El′
)
+
m2l′
M2T
W α4 sin
2 χ
2
− m
2
l′
MTEl′
W α5
]
,
(14)
where cosχ = |pl′|/El′ cos θ with θ being the lepton scattering angle, and ± are for
neutrino and anti-neutrino reactions, respectively. The contributions of W α4 and W
α
5
are proportional to the lepton mass and can be neglected in the high energy reactions.
W α6 term does not contribute to the cross section. Now the problem is to model and
evaluate the structure functions. Depending on ν and Q2, by which a reaction can
be categorized into either of QE, RES, or DIS region, the structure functions need to
be modelled with different effective degrees of freedom, as we will discuss in the next
subsection for neutrino-induced reactions on a single nucleon.
3.1.1. Multipole expansion of structure functions We introduce standard multipole
expansions of weak hadronic current [49, 50]. The Coulomb T JMC , electric T
JM
E ,
longitudinal T JML and magnetic T
JM
M multipole operators of the weak hadronic current
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Jµ are defined as
T JMC (J) =
∫
dxjJ(qx)YJM(xˆ)J0(x), (15)
T JME (J) =
1
q
∫
dx∇× [jJ(qx)YJJM(xˆ)] · J(x), (16)
T JMM (J) =
∫
dxjJ(qx)YJJM(xˆ) · J(x), (17)
T JML (J) =
i
q
∫
dx∇[jJ(qx)YJM(xˆ)] · J(x), (18)
where YJLM(xˆ) are vector spherical harmonics.
The structure functions, W α1 ,W
α
2 ,W
α
3 (α = CC, NC), are expressed using the
reduced matrix element between an initial state of angular momentum and parity
Jpi = Jpiii and a final state J
pif
f as
2W α1 =
∑
f
4π
2Ji + 1
δ(El + ET − El′ −Ef )RαT , (19)
W α2 =
∑
f
4π
2Ji + 1
δ(El + ET − El′ −Ef )(RαL +
Q2
2|q|2R
α
T ), (20)
W α3
MT
= −
∑
f
4π
2Ji + 1
δ(El + ET − El′ −Ef )R
α
T ′
|q| , (21)
where RαT , R
α
L, and R
α
T ′ are respectively given as
RαL =
∑
J
| < T JC (Jα,A) +
ω
|q|T
J
L (J
α,A) > |2 + | Q
2
|q|2 < T
J
C (J
α,V ) > |2, (22)
RαT =
∑
J
∑
β=M,E
[| < T Jβ (Jα,V ) > |2 + | < T Jβ (Jα,A) > |2], (23)
RαT ′ =
∑
J
2Re[< T JM(J
α,V ) >< T JE(J
α,A) >∗
+ < T JM(J
α,A) >< T JE(J
α,V ) >∗] . (24)
T J(Jα,V ) [T J(Jα,A)] denotes multipole operators for the vector [axial] part of the hadron
current Jα in Eqs. (5)-(6). The reduced matrix element of the multipole operator
< T J >=
〈
Jf
∥∥T J∥∥ Ji〉 is defined as〈
Jf ,Mf
∣∣T JM ∣∣ Ji,Mi〉 = (Ji,Mi, J,M |Jf ,Mf)√
2Jf + 1
〈
Jf
∥∥T J∥∥ Ji〉 . (25)
Here the matrix element of the longitudinal multipole operator of the vector current is
eliminated in Eq. (22) with the help of the current conservation relation of the vector
current, q · V = 0.
3.2. Neutrino-induced reactions on nucleon in the QE, RES, and DIS regions
For the QE scattering, the response of the nucleon to the weak current is represented by
nucleon form factors. The matrix elements of the vector and axial currents evaluated
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with nucleon states are generally parametrized in terms of the form factors as follows:
〈N(p′)|V ±µ (0)|N(p)〉 = u¯N(p′)
[
fV (Q
2)γµ + i
fM(Q
2)
2mN
σµνq
ν
]
τ±uN(p) ,(26)
〈N(p′)|A±µ (0)|N(p)〉 = u¯N(p′)
[
fA(Q
2)γµγ5 + fP (Q
2)γ5qµ
]
τ±uN(p) , (27)
where we have omitted the second class currents. For a recent investigation of possible
effects from the second class current on neutrino-nucleus scatterings, see Ref. [51]. The
nucleon spinor with the momentum p is denoted by uN(p) and the isospin spinor, on
which the isospin raising (lowering) operator τ± ≡ (τ 1 ± iτ 2)/2 acts, is also implicitly
included. The quantities, fV (Q
2), fM(Q
2), fA(Q
2), and fP (Q
2) are the form factors,
and mN denotes the nucleon mass. The matrix elements of the third component of
the isovector currents are obtained by simply replacing τ± with τ 3/2. Similarly, the
isoscalar current is also parametrized with different form factors as
〈N(p′)|V sµ (0)|N(p)〉 = u¯N(p′)
[
f sV (Q
2)γµ + i
f sM(Q
2)
2mN
σµνq
ν
]
1
2
uN(p) . (28)
The form factors for the vector current are determined by analyzing electron-nucleon
scattering data. Regarding the axial current, the axial form factor fA(Q
2) is
conventionally parametrized in a dipole form as
fA(Q
2) = gA
(
1
1 +Q2/M2A
)2
, (29)
with gA=1.27 determined by the neutron life time [1]. The axial mass MA has
been determined either by neutrino-deuteron QE scattering data or by the pion
electroproduction data near threshold, and its value has been estimated to be MA =
1.026 ± 0.021 GeV [52]. The induced pseudoscalar form factor fP is often related to
fA by the PCAC relation and the pion-pole dominance. In addition to the above-
described currents, the strange component of the nucleon contributes to the NC neutrino
nucleus/nucleon reactions. In particular, the strange axial vector current contribution
has been investigated [53, 54, 55, 56]. The iso-scalar axial current is parametrized as
〈N(p′)|Asµ(0)|N(p)〉 = u¯N(p′)
1
2
f sA(Q
2)γµγ5uN(p) , (30)
with
f sA(Q
2) =
∆s
(1 +Q2/M2A)
2
. (31)
The experimental value of ∆s is ∼ −0.1, while lattice QCD and hadron model
calculations suggest a smaller magnitude [56]. With the matrix elements of Eqs. (26)-
(28), we can construct the hadron tensor of Eq. (12), and also the structure functions
W αi in the cross section formula, Eq. (14).
In the RES region, the weak current can excite a nucleon to its resonant states
(N∗), which is followed by a deexcitation through meson emissions. The main process
of this kind in the neutrino-nucleon scattering is a single-pion production for which
the ∆(1232) resonance gives a dominant contribution. As the nucleon gets excited to
a higher resonance beyond ∆(1232), the double-pion production becomes comparable
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or even more important than the single pion production. Also, ηN , KΛ, and KΣ are
produced with probabilities suppressed by an order of magnitude. In these meson-
production processes, the different meson-baryon channels are strongly coupled with
each other in the final state interaction.
Theoretical descriptions of these meson production processes can be categorized
into two approaches. One is to relate the divergence of the axial current amplitude
with the pion-nucleon reaction amplitude via the PCAC relation at Q2 ∼ 0. Because,
at Q2 = 0, only W α2 among the structure functions gives nonzero contribution and is
solely determined by the divergence of the axial current amplitude, the cross section
for the neutrino-induced reaction at Q2 = 0 can be written with that of the pion-
nucleon reaction. This approach has been taken in Ref. [57]. However, the validity
of this approach is limited to very small Q2 region, and the extrapolation of the cross
sections from Q2 = 0 to finite Q2 is difficult to control. Another approach is to model
the processes microscopically with hadronic degrees of freedom. A pioneering work has
been done by Adler [58] who analyzed the pion production mechanisms with a model
based on the dispersion theory for a unified description of weak and electromagnetic
pion production reactions. Then several models [59, 60, 61, 62, 63, 64, 65, 66], which
we will briefly review later, have been developed so far, and some of them are focused
on the ∆(1232) region because of its important relevance to the oscillation experiments.
Recently, three of the present authors developed a dynamical coupled-channels (DCC)
model that includes all relevant resonance contributions of W ≤ 2 GeV, and takes
account of πN, ππN, ηN,KΛ, KΣ coupled-channels in the hadronic rescattering [67].
We will discuss the DCC model in detail in the following subsection. Key quantities for
the hadronic models are form factors analogous to those in Eqs. (26)-(28) but associated
with N -N∗ transitions. For example, the N -∆(1232) transition matrix element is often
parametrized as:
〈∆(p∆=p+q) |JCCµ (0)|N(p)〉 = u¯α∆(p∆)Γαµ (p, q)T±uN(p )Vud , (32)
where uα∆(p∆) and T
± are the ∆ vector spinor and the isospin transition operator,
respectively, and
Γαµ(p, q) =
[
CV3
mN
(gαµq/− qαγµ) + C
V
4
m2N
(gαµq · p∆ − qαp∆µ)
+
CV5
m2N
(gαµq · p− qαpµ) + CV6 gµα
]
γ5 +
[
CA3
mN
(gαµq/− qαγµ)
+
CA4
m2N
(gαµq · p∆ − qαp∆µ) + CA5 gαµ +
CA6
m2N
qµqα
]
, (33)
where CVi and C
A
i (i = 3, 4, 5, 6) that depend on Q
2 are vector and axial form factors,
respectively. With well-controlled form factors, we can apply the model to the neutrino-
induced meson productions of the whole Q2 region. The vector form factors can be
reasonably determined by analyzing a large amount of data for single-pion photo- and
electro-production off the nucleon. The axial form factors are difficult to determine
because of the shortage of experimental information. Thus the axial form factors, those
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associated with N -∆(1232) transition in particular, have been estimated with quark
models [68, 69], chiral perturbation theory [70, 71], and lattice QCD [72]. However,
experimental inputs are still very valuable. For the moment, only the axial N -∆(1232)
transition form factors can be constrained by analyzing the deuterium bubble chamber
data [25, 73]. In analyzing the data, however, a complication could arise due to a
significant effect from the NN final state interaction as pointed out in Ref. [74] and
will be discussed in Sec. 6.1; the previous analyses neglected this effect. For the other
axial N -N∗ form factors, the PCAC relation to the πNN∗ couplings is conventionally
invoked at Q2 = 0, and a certain Q2-dependence is assumed.
The DIS region is usually specified by the kinematical conditions, W 2 ≥ 4 GeV2
and Q2 ≥ 1 GeV2, as shown in Fig. 1. However, different boundaries may be taken
depending on researchers. For example, there are some people to take lower W 2 (e.g.
W 2 ≥ 3.5 GeV2), and higher Q2 values (e.g. Q2 ≥ 4 GeV2) could be taken to avoid
higher-twist effects. In the DIS, the Bjorken scaling variable x is used instead of the
energy transfer ν, and it is defined by x = Q2/(2p · q) = Q2/(2mNν). Furthermore, the
structure functions F1, F2, and F3 are usually used instead of W1, W2, and W3 defined
in the hadron tensor of Eq. (13), and they are given by
F α1 (x,Q
2) = mNW
α
1 (ν,Q
2), F α2 (x,Q
2) = νW α2 (ν,Q
2), F α3 (x,Q
2) = νW α3 (ν,Q
2). (34)
νµ
µ−, νµ
qi
qf
W+, Z
q
ki
kf
p1
p2
Figure 4. Neutrino-quark scattering
If Q2 is large, the neutrino-nucleon DIS cross
section is described by the simple addition of the
W or Z interaction cross sections with individual
partons (i): dσ(νN) =
∑
i dσ(ν i) as shown
in Fig. 4. It is called impulse or incoherent
assumption, which is valid in the DIS region by
considering that partons do not interact with each
other, namely frozen, when the W or Z interact
with a quark. By this parton model, the structure
functions are expressed in the leading order (LO)
of αs and also in the leading twist as [75, 76]
2xF α1 (x,Q
2)LO = F
α
2 (x,Q
2)LO, (35)
F
CC(νp)
2 (x,Q
2)LO = 2x
[
d(x,Q2) + s(x,Q2) + u¯(x,Q2) + c¯(x,Q2)
]
, (36)
xF
CC(νp)
3 (x,Q
2)LO = 2x
[
d(x,Q2) + s(x,Q2)− u¯(x,Q2)− c¯(x,Q2) ] , (37)
F
NC(νp)
2 (x,Q
2)LO = x
[ {
(guV )
2 + (guA)
2
} {
u+(x,Q2) + c+(x,Q2)
}
+
{
(gdV )
2 + (gdA)
2
}{
d+(x,Q2) + s+(x,Q2)
} ]
, (38)
xF
NC(νp)
3 (x,Q
2)LO = 2x
[
guV g
u
A
{
u−(x,Q2) + c−(x,Q2)
}
+ gdV g
d
A
{
d−(x,Q2) + s−(x,Q2)
} ]
. (39)
Here, the parton distribution functions (PDFs) are denoted by q(x,Q2) and q¯(x,Q2)
(q = u, d, s, c), and q± are given by q±(x,Q2) ≡ q(x,Q2) ± q¯(x,Q2), so that the q−
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distributions are valence-quark distributions by definition. The strange and charm
valence-quark distributions are considered to be small |s−|, |c−| ≪ |u−|, |d−|, so that
they are usually neglected. There is some indication on sv(x) ≡ s−(x) 6= 0 from
opposite-sign dimuon production in neutrino reactions; however, its measurements are
not accurate enough to determine the distribution. Here, the couplings of neutral-
current interactions are given by g qV = T
3
q − 2eq sin2 θW and g qA = T 3q by the
third component of the isospin T 3q and the quark charge eq. The bottom quark
contributions are neglected in the expressions, and they can be included by replacing
s(x,Q2) by s(x,Q2) + b(x,Q2). The structure functions in the antineutrino reaction,
F
CC(ν¯p)
2 (x,Q
2)LO and F
CC(ν¯p)
3 (x,Q
2)LO, can be obtained by the changes, d→ u, s→ c,
u¯→ d¯, and c¯→ s¯ in Eqs. (36)-(39).
By including higher-order αs effects, we have the expressions
F¯ αn (x,Q
2) = Cqn(x,Q
2)⊗ F¯ αn (x,Q2)LO + Cgn(x,Q2)⊗ xg(x,Q2),
F¯1 = xF1, F¯2 = F2, F¯3 = xF3, (40)
in terms of the coefficient functions Cqn(x,Q
2) and Cgn(x,Q
2), and the symbol ⊗ indicates
the convolution integral f(x) ⊗ g(x) = ∫ 1
x
(dy/y)f(x/y)g(y). Explicit expressions
of the coefficient functions are, for example, found in Ref. [76]. Neutrino scattering
measurements have been done often at a relatively low-energy scale of Q2 ∼ 1
GeV2, where higher-twist effects could be conspicuous. Considering such effects
in the form of longitudinal-transverse structure function ratio R ≡ FL/(2xF1) =
[(1 + 4m2Nx
2/Q2)F2 − 2xF1] /(2xF1), we express F1 in terms of R and F2 as
2xF1(x,Q
2) =
1 + 4m2Nx
2/Q2
1 +R(x,Q2)
F2(x,Q
2). (41)
In handling the small Q2 (∼ 1 GeV2) data, Eq. (41) is usually used with the structure
function F2, which is calculated in terms of the PDFs, by Eq. (40) together with
Eqs. (36) and (38). The function R(x,Q2) is known in charged-lepton DIS [77], and
the same function is often used also in neutrino DIS. Using these structure functions
with appropriate PDFs, we can calculate the neutrino-nucleon or nucleus cross sections.
In the neutrino-nucleon case, the nucleonic PDFs [78] should be used in calculating
the structure functions, whereas the neutrino-nucleus cross sections can be calculated
simply by replacing the nucleonic PDFs with the nuclear parton distribution functions
(NPDFs). The NPDFs are modified from the corresponding nucleonic PDFs, and the
modifications are discussed in Sec. 7.
3.3. Dynamical coupled-channels model for neutrino-induced meson productions
In this subsection, we mainly discuss our own work on a dynamical coupled-channels
(DCC) model for neutrino-induced meson productions off the nucleon. First, we
briefly review previous microscopic models for the pion productions. Next, we present
an overall picture of the DCC model without going into detailed expressions and
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equations. For a full presentation of the DCC model used for the neutrino reactions,
see Refs. [67, 79]. Then we present some selected results from our DCC model-based
analysis of πN, γ(∗)N → πN, ππN, ηN,KΛ, KΣ reactions data. Through the analysis,
all model parameters that govern hadronic interactions and vector form factors are
determined. The πNN∗ couplings are related to the axial N -N∗ transition strength
at Q2=0 through the PCAC relation. Thus most of parameters needed to calculate
the neutrino-induced processes are determined through the analysis. Because of the
scarce neutrino data, it is important to have the analysis done before applying the
DCC model to the neutrino reactions. With the parameters determined in the analysis
and an assumed Q2 dependence of the axial form factors, we predict cross sections for
the neutrino-induced meson productions that are compared with available experimental
data.
3.3.1. Microscopic models for neutrino-nucleon reactions in the RES region The
previous models for the resonance region can be classified into three categories depending
on dynamical contents included in the models. Models of the first category consist
of a sum of the Breit-Wigner amplitudes that represent resonant contributions. A
recent model of this category is found in Ref. [59] where ∆(1232)3/2+, N(1535)1/2−,
N(1440)1/2+ and N(1520)3/2− resonances are considered. Models of the second
category consider tree-level non-resonant mechanisms along with resonant ones of
the Breit-Wigner type, and are developed in Refs. [60, 61, 62, 63]. The authors of
these references considered tree-level non-resonant mechanisms derived from a chiral
Lagrangian in addition to ∆(1232) of the Breit-Wigner type. A more extended model
in the second category was developed in Ref. [64] where all 4-star resonances with masses
below 1.8 GeV and rather phenomenological non-resonant contributions were considered.
The so-called Rein-Sehgal model [80, 81], which has been often used in analyzing data
from neutrino experiments, also belongs to the second category, and includes higher
resonances whose axial-vector couplings had been estimated with a quark model. In
the third category, a model further takes account of the hadronic rescattering, thereby
maintaining the unitarity of amplitudes. Such a model in the ∆(1232) region was
developed in Refs. [65, 66]. The DCC model discussed below can be regarded as an
extension of the model of Refs. [65, 66]; the Fock space of the πN channel is extended
to include more hadronic two-body and ππN channels and higher resonances beyond
∆(1232).
3.3.2. Overview of Dynamical Coupled-Channels model The starting point of the DCC
model is a set of phenomenological Lagrangians giving interactions among mesons,
baryons and external currents. Couplings of the octet pseudoscalar mesons are consistent
with those from a chiral Lagrangian at the low-energy limit. We derive a set of meson-
baryon interaction potentials, acting on a given Fock space, from the Lagrangians using
a unitary transformation method [82, 83]. The potentials obtained in this way are
energy independent, and thus unitary amplitudes can be calculated in a straightforward
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manner. For our particular model, we choose the Fock space that consists of meson-
baryon states (πN, ηN,KΛ, KΣ and ππN states) and ’bare’ excited states (N∗,∆, ρ, σ).
The bare N∗ state represents a quark core component of a nucleon resonance of a
given spin-parity, and is dressed by the meson cloud to form the resonance. Now our
Hamiltonian reads
H = H0 + v + Γ , (42)
where H0 is the free Hamiltonian of mesons and baryons, and v is non-resonant
interaction potentials between two-body meson-baryon states and also between ππ
states. The non-resonant interactions are from s-, t-, and u-channel hadron-exchange
and contact mechanisms. Γ describes a transition between the bare excited states and
two-body states such as ∆ ↔ πN and ρ → ππ. With this Hamiltonian, we solve the
coupled-channels Lippmann-Schwinger equation that reads as
Tβα(p
′,p;W ) = Vβα(p
′,p)
+
∑
γ
∫
dp¯ Vβγ(p
′, p¯) Gγ(p¯,W ) Tγα(p¯,p;W ) , (43)
where each of the indices α, β, and γ specifies one of the channels included in the Fock
space. The scattering amplitude (T -matrix element) is denoted by Tβα and the Green’s
function for a channel γ by Gγ . The interaction potential Vβα is either vβα or Γβα in
Eq. (42). As mentioned above, thanks to the energy-independent potential Vβα, it is
easily proved that the scattering amplitude Tβα satisfies the multichannel unitarity. The
quantity W is the total energy of the hadronic system while p and p′ are the incoming
and outgoing momenta; for ππN channels, it is understood that p implicitly denotes two
independent momenta. Observables such as cross sections for meson-baryon scattering
are calculated with the scattering amplitudes in a straightforward manner.
Now let us move on to electroweak processes on a single nucleon. We again
use the unitary transformation method to derive electroweak interaction potentials
from the Lagrangians that have couplings of external currents to hadrons. Then
we describe the electroweak processes with these perturbative potentials followed by
hadronic rescattering; the rescattering is described by the scattering amplitudes from
Eq. (43). Thus, the electroweak amplitudes are given by
Aαλ(p
′, q;W,Q2) = jαλ(p
′, q, Q2)
+
∑
γ
∫
dp¯ Tαγ(p
′, p¯;W )Gγ(p¯,W ) jγλ(p¯, q, Q
2) , (44)
where the index λ specifies either of γ(∗)N , W±N , or ZN channels with a certain
polarization, q is the momentum brought into the hadronic system from the current.
The electroweak interaction potentials are denoted by jαλ. The electroweak amplitude
denoted by Aαλ corresponds to 〈f |Jµα(0)|i〉 in Eq. (12), and thus we can easily see the
connection between Aαλ and the cross section formula of Eq. (14) for the neutrino-
induced meson productions. Some diagrams with which Aαλ is build up are shown in
Fig. 5.
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Figure 5. Dressed γN → N∗ vertex diagrams. Figure taken from Ref. [67].
Copyright (2015) APS.
3.3.3. DCC analysis of data for pion, photon, and electron-induced meson productions
off the nucleon We have performed a combined analysis of πN, γp→ πN, ηN,KΛ, KΣ
reaction data with the DCC model up to W ≤ 2.1 GeV (up to W ≤ 2.3 GeV for
πN → πN) [79]. With suitably adjusted model parameters, the DCC model is able
to give reasonable fits to ∼23,000 data points. For an extensive presentation of the
DCC-based description of the data, see Ref. [79]. The model parameters associated
with the hadronic interactions and the vector N -N∗ transition strengths at Q2 = 0
have been fixed through the combined analysis. The DCC model obtained above was
also applied to πN → ππN reactions, and the model predictions were found to give a
reasonable description of the data [84]. Before applying the DCC model to the neutrino-
induced reactions, we need to determine the Q2 dependence of the vector form factors
associated with N -N∗ transitions, and also need to separate the vector form factors
into isovector and isoscalar parts. The Q2 dependence can be determined by analyzing
electron-induced reaction data. For the isospin separation, we need to analyze data for
photon and electron-induced reactions on the neutron. We have done these analyses to
determine the vector form factors for W ≤ 2 GeV and Q2 ≤ 3 GeV2 [67]. This covers
the whole kinematical region appearing in the neutrino reactions for Eν ≤ 2 GeV.
Here we present some selected results from the DCC analysis. In Fig. 6, we present
the virtual photon cross sections atQ2=0.40 GeV2 for p(e, e′π0)p from the DCC model in
comparison with the data. The agreement with the data is reasonable. Next we present
in Fig. 7 differential cross sections for the inclusive electron scattering from the DCC
model, and compare them with the data. In the same figure, we also present the single
pion electroproduction cross sections from the DCC model. The range of Q2 is indicated
in each of the panels, and Q2 monotonically decreases as W increases. Overall, we see a
reasonable agreement between the DCC model with the data. Also, contributions from
the multi-pion production processes are increasing above the ∆(1232) resonance region.
We however find a discrepancy between the model and data in W = 1.3 ∼ 1.45 GeV
at Q2 ∼ 0.3 GeV2. Because the DCC model reasonably describes the single pion
electroproduction data as seen in Fig. 6, the discrepancy seems to be from a problem of
the model in describing double-pion electroproduction in this kinematics, which might
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Figure 6. (Color online) The virtual photon cross section dσT /dΩ
∗
pi + ǫ dσL/dΩ
∗
pi
(µb/sr) at Q2=0.40 GeV2 for p(e, e′π0)p from the DCC model. The number in each
panel indicates W (MeV). The data are from Ref. [85]. Figure taken from Ref. [67].
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Figure 7. (Color online) Comparison of DCC-based calculation with data for inclusive
electron-proton scattering at Ee=5.498 GeV. The red solid curves are for inclusive
cross sections while the magenta dashed-curves are for contributions from the πN final
states. The range of Q2 and the electron scattering angle (θe′) are indicated in each
panel. The data are from Ref. [86]. Figures taken from Ref. [67]. Copyright (2015)
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call for a combined analysis including double-pion production data. Our purpose is to
develop a neutrino reaction model in the RES region that has a comparable quality
to neutrino scattering data that are available in the near future. For this purpose, we
believe that the quality of the fits to the electron-induced reactions data at the level
seen in the figures should be enough.
3.3.4. DCC model for neutrino-induced meson productions off the nucleon We now
apply the DCC model to the neutrino-induced meson productions. Before doing so,
we need to fix the remaining unknown piece, the axial current. The nonresonant axial
current can be derived from a chiral Lagrangian on which our πN interaction potentials
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Figure 8. (Color online) The DCC-based calculation (red solid curves) for νµ p →
µ−π+p (left), νµn → µ−π0p (middle) and νµn → µ−π+n (right) in comparison with
data. The result obtained with 0.8×gPCAC
AN∆(1232) is also shown (magenta dashed curve).
ANL (BNL) data are from Ref. [73] ([25]). Figures taken from Ref. [67]. Copyright
(2015) APS.
are based. By construction, the nonresonant axial current and the πN potentials are
related by the PCAC relation at Q2 = 0. For the resonant part, namely, the axial N -N∗
transition strengths at Q2 = 0, we relate them to the corresponding πNN∗ couplings
via the PCAC relation. The advantage of our approach over the existing models is
that we have the πNN∗ couplings from our DCC model, and thus we can uniquely
fix not only the axial coupling strengths but also their phases. In this way, we can
make the interference between the resonant and nonresonant axial amplitudes under
control within the DCC model. The Q2 dependences of the axial couplings are difficult
to determine because of the lack of experimental information. Here we assume that
all of the axial couplings have the same dipole Q2 dependence of 1/(1 +Q2/M2A)
2 with
MA = 1.026 GeV. With this setup, we make predictions for the neutrino-induced meson
productions, results of which are presented below.
We present in Fig. 8 the total cross sections for the single pion productions in
comparison with the ANL [73] and BNL [25] data. Our result obtained with the PCAC-
based axial N -∆(1232) transition strength (gPCACAN∆(1232)) is consistent with the BNL data
for νµ p → µ−π+p (Fig. 8 (left)), and somewhat overestimates the ANL data. For
the neutron target processes shown in Fig. 8 (middle, right), our result is consistent
with both of the ANL and BNL data. In a recent reanalysis of the ANL and BNL
data [87], it was found that the discrepancy between the two datasets can be resolved,
and the resulting cross sections are reasonably consistent with the previous ANL data.
Therefore, gPCACAN∆(1232) may be too large, and we are tempted to adjust it to fit the ANL
data. Thus we present also in Fig. 8 the total cross sections obtained with gPCACAN∆(1232)
multiplied by 0.8. Now our cross sections for νµ p → µ−π+p are consistent with the
ANL data, and those for νµ n → µ−πN are not largely changed because mechanisms
other than the ∆(1232) excitation are also important for these processes on the neutron
target. In our present calculations, we do not consider nuclear effects that must exist
in the deuterium target processes. Because Ref. [74] showed a large nuclear effect, it
will be important to analyze the deuterium bubble chamber data [23, 25, 73] with the
nuclear effects taken into account.
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Figure 9. (Color online) The DCC-based calculation for νµ p → µ−π+π0p (left),
νµ p → µ−π+π+n (middle) and νµn → µ−π+π−p (right) in comparison with data.
ANL (BNL) data are from Ref. [88] ([25]). Figures taken from Ref. [67]. Copyright
(2015) APS.
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Figure 10. (Color online) Comparison of cross sections from the DCC model with
those from the Full model (FF4) of Herna´ndez et al. [91] for νµ p → µ−π+π0p
(left), νµ p → µ−π+π+n (middle) and νµn → µ−π+π−p (right) near the threshold.
Contributions from the non-resonant mechanisms are indicated by ’NR’. In the right
panel, the black dash-dotted curve is from the NR and the P11 resonant contributions
of the DCC model, while the brown dash-two-dotted curve is from the NR of Ref. [91].
In the left and middle panels, the results of Ref. [91] includes only the NR contributions
because N(1440)1/2+, which is the only resonance considered in Ref. [91], does not
contributes to these channels. BNL data are from Ref. [25].
We next discuss double pion productions for which our predictions are presented
in Fig. 9 in comparison with data [25, 88]. Our calculation for these processes has
been done with contributions from all relevant resonances below W = 2 GeV taken
into account for the first time; other previous models [89, 90, 91] consist of dynamical
contents that were valid only near the threshold. In comparison with the data, we
obtained a good agreement for νµ p → µ−π+π0p and νµn → µ−π+π−p. However, the
cross sections for νµ p → µ−π+π+n are rather underestimated. Because the statistics
of the data is rather limited, we do not attempt to fit our model to the data. We
also compare the result from the DCC model with those from Ref. [91] in Fig. 10.
The model of Ref. [91] consists of non-resonant mechanisms derived from a chiral
Lagrangian, and a resonant mechanism associated with an excitation of the Roper
resonance (N(1440)1/2+). Because this dynamical content is expected to be valid only
near the threshold, we limit the comparison to Eν <∼ 1 GeV. For a detailed comparison,
non-resonant contributions from the two models are also shown. In νµ p → µ−π+π0p
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Figure 11. (Color online) dσ/dWdQ2 for νµ p → µ−π+p (left) and νµn → µ−πN
(right) at Eν = 2 GeV in contour plots. Figures taken from Ref. [67]. Copyright (2015)
APS.
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µ−π+π−p (right) at Eν = 2 GeV in contour plots. Figures taken from Ref. [67].
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(Fig. 10 (left)) and νµ p → µ−π+π+n (Fig. 10 (middle)) processes, where I = 1/2
(I: isospin) resonances (and thus the Roper) are not excited, only the non-resonant
mechanisms contribute in the model of Ref. [91]. The non-resonant mechanisms of
the two models give rather different contributions to each of the channels, but it
is difficult to identify the origin of the difference from this comparison only. The
resonant contributions are also quite different between the two models. While the Roper
resonance in the model of Ref. [91] enhances the νµn→ µ−π+π−p cross sections by ∼ 20 -
30% (Fig. 10 (right)), the contribution seems much smaller than that from the DCC’s
resonant P11 partial wave amplitude where the Roper exists. The I = 3/2 resonances,
not considered in Ref. [91] but in the DCC model, also give significant contributions as
seen in Fig. 10(left,middle) even near the threshold.
Now let us examine the double differential cross sections, dσ/dWdQ2, shown in
Fig. 11 for the single pion productions and in Fig. 12 for the double pion productions
at Eν=2 GeV. The figures clearly show the resonant behavior. For the single pion
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Figure 13. (Color online) FCC2 at Q
2 = 0 for the single pion production. The DCC
model is compared with Lalakulich et al. (LPP) model [59] and Rein-Sehgal (RS)
model [80, 81]. The left (right) panel is for the CC νµ p (νµ n) reaction. Figures taken
from Ref. [67]. Copyright (2015) APS.
productions, the ∆(1232) excitation creates the prominent peak, with a long tail toward
the higher Q2 region. For the neutron target process (Fig. 11 (right)), the second
resonances at W ∼ 1.5 GeV also create the noticeable peak. For the double pion
productions, the situation is completely different. We now do not have the ∆(1232)
peak because it is below the threshold for the double pion productions, and the main
contributors are the N∗s in the so-called second and third resonance regions as clearly
seen in Fig. 12.
Finally, we compare our predictions from the DCC model with those from other
models developed by Lalakulich et al. (LPP) [59] and Rein-Sehgal (RS) [80, 81]. The
LPP model consists of four Breit-Wigner amplitudes for ∆(1232)3/2+, N(1535)1/2−,
N(1440)1/2+ and N(1520)3/2− resonances with no background. The RS model has 18
Breit-Wigner amplitudes plus a non-interfering non-resonant background of I = 1/2.
We show in Fig. 13 FCC2 (see Eq. (34) for definition) at Q
2 = 0 that includes
contributions from the single pion production only. Near the ∆(1232) peak, we find
a good agreement between the LPP and the DCC models while the RS model makes a
significant underestimation. In the higher energy region, both the LPP and RS models
rather overestimate the result from the DCC model. According to the PCAC relation,
FCC2 at Q
2 = 0 is related to the πN cross sections, and thus is given almost model-
independently. Within our DCC model, the axial current satisfies the PCAC relation to
the precise πN model by construction, and therefore FCC2 from the DCC model agree
well with those from the πN cross sections. On the other hand, the other models did not
fully implement this consistency required by the PCAC relation, and as a consequence,
we found the difference in FCC2 (Q
2 = 0) between the DCC model and the LPP and the
RS models.
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4. Neutrino reactions in few-nucleon systems
A precise description of neutrino-nucleus reactions especially in the QE region is
crucial for analyzing data from the long-baseline neutrino oscillation experiments. A
practical theoretical description of the one-nucleon knock-out reaction in the impulse
approximation will be discussed in the next section. However, due to a wide energy band
of the neutrino flux, reactions somewhat off the QE peak region become relevant for
precisely determining the neutrino properties. In this region, nuclear correlations such as
two-particle two-hole effects including meson-exchange currents play an important role.
Since precise neutrino-nucleus reaction data comparable to electron scattering are not
available, further efforts to reduce systematic uncertainties originating from theoretical
treatments of nuclear electroweak break-up reactions are highly called for. An ab initio
approach would be a promising option in this regard.
In the ab initio approach, nuclear many-body problems are solved in principle
’exactly’, once nuclear interactions such as realistic nucleon-nucleon potential and
nuclear currents (impulse and meson-exchange currents) are set. Approaches of
this kind have been extensively applied to low-energy (Eν <∼ 100 MeV) break-up
reactions in few-nucleon systems. This is partly because the knowledge of low-
energy electroweak processes, neutrino-nucleus reactions in particular, are of great
importance to understand astrophysical phenomena such as the neutrino heating in core-
collapse supernovae of massive stars [92, 93, 94, 95, 96], nucleosynthesis via neutrino
reactions [97, 98], and yields of light isotopes from which the neutrino properties can
be extracted [99]. In the next two paragraphs, we briefly summarize previous ab initio
calculations for electroweak processes in few-nucleon systems. An extension of these ab
initio approaches to higher energy, e.g., the QE peak region, is highly desirable, because
it would provide information on the role of nuclear correlations and nuclear currents in
the energy region relevant to the neutrino oscillation experiments. Such a calculation for
electron scatterings on 4He and 12C has just been done recently based on the Green’s
function Monte Carlo approach, and indeed, leading to interesting findings on those
nuclear many-body mechanisms [100]. Yet, it would be desirable to confirm the results
with an independent ab initio calculation.
Electroweak reactions in two-nucleon systems at low energies have been studied
with the conventional nuclear physics approach (CNPA) that consists of high precision
nucleon-nucleon potential and one- and two-nucleon electroweak currents [50, 101].
The approach has been successful in describing electron scattering [102] and photo-
reactions [103] with the electromagnetic current, while the nuclear axial vector current
has been tested by the muon capture rate [104]. Meanwhile, the effective field theory
approach [105], equipped with a systematic expansion scheme, has been applied to
the ν-d reaction [106] and recently to the pp fusion reaction [107]. Both approaches
agree with each other for the low-energy neutrino-deuteron reactions [101]. Recently,
the neutrino-deuteron reaction has been studied up to Eν <∼ 1 GeV region with the
CNPA [108].
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Ab initio calculations of electroweak reactions on A ≥ 3 nuclei including
multi-nucleon break-up channels have been carried out with various approaches.
Electromagnetic reactions on three-nucleon systems have been extensively studied based
on the Faddeev calculations [109]. The Lorentz integral transformation method has been
applied to electron scattering and photo reactions [110], and also to neutrino reactions
in the supernova environment [111, 112]. The Green’s function Monte Carlo method
was used for electromagnetic and NC neutrino reactions [113, 114].
In what follows, we discuss a promising alternative ab initio approach formulated
with a combination of the correlated Gaussian (CG) and the complex scaling method
(CSM), and its application to the dipole and spin-dipole responses of 4He in electroweak
processes.
4.1. Calculation of nuclear strength functions
The nuclear excitation processes are described with nuclear strength (response)
functions. The nuclear strength functions for the electroweak reactions reflect important
information on resonant and continuum structure of the nuclear system. The nuclear
strength function with the excitation energy E for an operator O characterized by the
angular momentum and isospin labels, λ and p, is defined by
S(p, λ, E) = Sfµ |〈Ψf |Opλµ|Ψ0 〉|2 δ(Ef − E0 −E), (45)
where Ψ0 (Ψf) is the ground (final) state wave function with the energy E0 (Ef ), and
Sfµ denotes the summation over all the final states as well as the z-component of the
angular momentum, µ. The label p distinguishes different types of isospin operators,
e.g., isoscalar, 1 (p =IS), isovector, τ3 (p =IV0), charge-exchange τ
∓ (p =IV∓), and
electric 1
2
(1 + τ3) types (p = Eλ). (Here we adopt convention of isospin described
in Sec. 3.2 throughout this paper, while convention in Ref. [115] is τ+ |p〉 = |n〉 and
τ0 = −τ3.) Taking the summation over the final states makes it possible to rewrite the
strength function as
S(p, λ, E) = −1
π
Im
∑
µ
〈Ψ0| Op†λµ
1
E −H + E0 + iǫO
p
λµ |Ψ0〉 , (46)
where H is the nuclear Hamiltonian and 1/(E−H +E0+ iǫ) is the many-body Green’s
function. A positive infinitesimal ǫ is put to ensure the outgoing wave after the excitation
of the initial state.
Though an explicit construction of the final states is avoided in Eq. (46), an
evaluation of Eq. (46) is still in general difficult because of the presence of the Green’s
function that involves complicated many-body correlations and boundary conditions.
We employ the complex scaling method (CSM) [116] to avoid these complications. In
the CSM, a particle coordinate (momentum), r (k), is rotated on the complex plane by a
positive angle θ as reiθ (ke−iθ). Under this transformation, the asymptotics of the wave
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function damps exponentially at large distances, which allows us to represent the Green’s
function in the expansion by the eigenstates of the complex-rotated Hamiltonian, H(θ),
H(θ)Ψk(θ) = Ek(θ)Ψk(θ). (47)
This class of complex eigenvalue problems is solved with a set of square-integrable
(L2) basis functions. Since the resonant and continuum states are treated in a manner
similar to a bound-state problem, the method has widely been applied to calculating
the strength functions [117]. The accuracy of the CSM calculation crucially depends on
how completely the L2 basis functions are prepared. In principle, if the model space
is complete, the result would not depend on the scaling angle in some limited range
of θ. Practically, the θ value is determined by examining the stability of S(E) against
changing θ.
4.1.1. Correlated Gaussian method As the basis functions we employ correlated
Gaussians (CG) [118, 119, 120], which are flexible enough to describe different types
of structure and correlated motion of particles. Many examples have confirmed that
the CG method can describe, e.g., short-range repulsion and tensor correlations in the
nuclear force [120, 121, 122], and both cluster and shell-model configurations [123]. See
also a recent review [124]. Because of its flexibility, the basis functions have been applied
to describe not only nuclear physics but also other quantum physics [125].
The total wave function with the angular momentum J , its z-componentMJ , parity
π, and isospin quantum numbers T, MT is expressed as a combination of many basis
functions. Each basis function is given in LS coupling scheme
Φpi(LS)JMJ ,TMT = A [φpiL × χS]JMJ ηTMT , (48)
where A is the antisymmetrizer, and the symbol [L× S]JMJ stands for the angular
momentum coupling. The total spin (isospin) function χS (ηT ) is constructed by a
successive coupling of the spin (isospin) functions of all the nucleons.
For the spatial part of the basis function, φpiL, we use the CG. Let x=(xi) denote
a set of the Jacobi coordinates excluding the center-of-mass coordinate. We express φpiL
as [118, 119]
φpiLML(A,x) = exp(−x˜Ax)θpiLML(x), (49)
where x˜Ax =
∑
i,j Aijxi ·xj with a positive-definite symmetric matrix A. The angular
part θpiLML(x) is expressed by coupling the solid harmonics, Ylml(u˜x) = |u˜x|lYlml(̂˜ux),
where u˜x =
∑
i(u)ixi is a global vector. The reader is referred to Refs. [119, 120, 126] for
details of single-, double-, and triple-global-vector representations. It should be noted
that all coordinates are explicitly correlated through the A and u (u’s). An advantage
of the representation is that it keeps its functional form under any linear transformation
of the coordinates, which is a key to describing many-body bound and unbound states
in a unified manner.
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4.2. Ab initio calculation for 4He
4.2.1. Hamiltonian and spectrum of 4He The Hamiltonian of an N -nucleon system
consists of two- and three-nucleon forces
H =
N∑
i=1
Ti − Tcm +
∑
i<j
V
(2)
ij +
∑
i<j<k
V
(3)
ijk , (50)
where Ti is the single-nucleon kinetic energy and the center-of-mass kinetic energy is
subtracted to ensure the nuclear intrinsic motion. We employ Argonne v8′ [127] (AV8′)
potential which contains central, tensor and spin-orbit components. Since it is vital to
reproduce the threshold energies in the calculation of the strength function, a central
three-body interaction (3NF) [128] is employed to reproduce the binding energies of the
three- and four-nucleon bound states.
The ground state wave function of 4He is obtained with a superposition of many CG
functions of Eq. (48). The set of the variational parameters, A, u’s, L, spin and isospin
configurations, are determined by the stochastic variational method (SVM) [119], which
allows us to get a precise solution of a many-body Schro¨dinger equation in a relatively
small number of bases. The ground state energy agrees with the one obtained by other
methods [120, 121].
The first excited 0+ and the seven negative-parity states are observed below the
excitation energy of 26 MeV [129] and all of them are reproduced very well [130, 131]. It
should be noted that the level ordering of 4He can be reproduced only when the realistic
nuclear interaction is employed. If one uses an effective interaction that consists of
a central term alone, the negative parity levels would be almost degenerate, and no
correct level ordering could be obtained [131]. The tensor term plays a decisive role, for
example, the lowering of JpiT = 0−0 state is understood by a strong coupling between
different angular momentum channels due to the tensor force [120].
4.2.2. Dipole-type excitations of 4He The dipole- and spin-dipole(SD)-type operators
are main pieces to determine neutrino-4He reaction cross sections at low energies.
Though the SD operators belong to a class of the first forbidden transition, they can
dominantly contribute to the reaction on 4He because the Fermi and Gamow-Teller type
transitions are strongly suppressed due to the closed shell nature.
The spectrum of the four-nucleon system is closely related to the dipole-type
electroweak responses. The seven negative-parity states of 4He can be excited by six
SD and one dipole operators [115]. Basis functions for the final states reached by
these operators are constructed by paying attention to two points: the sum rule of
the electroweak strength functions and the decay channels [115, 132]. In fact the basis
functions are constructed in three types: (i) a single-particle excitation built on the
4He ground-state wave function multiplied by Opλµ. (ii) a 3N+N (3H+p and 3He+n)
two-body disintegration. (iii) a d+p+n three-body disintegration. The basis (i) is
useful for satisfying the sum rule, and the bases (ii) and (iii) take care of the two-
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and three-body decay asymptotics. These cluster configurations are better described
using appropriate relevant coordinates rather than the single-particle coordinate. The
relative motion between the clusters is described with several Gaussians. For the wave
functions of d and 3N subsystems, we use a set of the bases obtained by the two- and
three-body calculations with the SVM algorithm [118, 119], which greatly reduces the
total dimension of the matrix elements. The expression is again given in the CG with
the global vectors and the matrix elements can be evaluated without any change of the
formulas.
4.2.3. Photoabsorption of 4He First, we discuss photoabsorption reactions of 4He
to see the reliability of the method. There has been a controversy in the low-
lying photoabsorption cross section, that is, the experimental data are in serious
disagreement [133, 134]. In the energy region around 26 MeV, the photoabsorption
reaction takes place mainly through the electric-dipole (E1) transition. The cross section
σγ(Eγ) can be calculated by the formula [135]
σγ(Eγ) =
4π2
~c
Eγ
1
3
S(Eγ), (51)
where S(E) is the strength function for the E1 transition with the E1 operator∑
i(ξi)µ
1
2
(1 + τ3i) where ξi = ri−xN , and xN denotes the center-of-mass coordinate of
the N -nucleon system.
Figure 14 compares the theoretical and experimental photoabsorption cross sections
σγ(Eγ). The calculation predicts a sharp rise of the cross section from the threshold,
which is observed by several measurements [134, 136] but not in the data of Ref. [133].
Our result satisfies almost 100% of the non-energy-weighted sum rule (NEWSR), and
this is also consistent with the cross sections obtained by the Lorentz Integral Transform
calculations [137, 138], especially in the cross section near the threshold. The low-
lying photoabsorption cross sections are mostly understood by the excitation of the
3N +N relative motion. In fact, the 3N +N contribution dominates in the low-lying
E1 strength [132]. Thus, it is hard to understand the low-lying behavior of Ref. [133],
though all the data are consistent above 30 MeV.
4.2.4. Spin-dipole excitations We have confirmed the reliability and potential
predictive power of our approach. It is interesting to apply it to the SD response
of 4He because the relevant operators are closely related to those of the neutrino-
nucleus reaction. Figure 15 exhibits the SD strength functions of IV− type, OIV−λµ =∑
i [ξi × σi]λµ τ−i , which excites the ground state of 4He to the excited states of 4H. The
NEWSR for the SD operators are fully satisfied, and it is a very interesting observable
that can reveal the role of the tensor force in the ground state [115]. The peak positions
well correspond to the observed excitation energies of the three negative-parity states of
4H [129]. The ratio of the strengths for Jpi = 0− ,1−, and 2− is roughly 1:3:5 following
their multipolarity 2J +1 but the ratio is actually modified to approximately 1:2:4 due
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Figure 14. Photoabsorption cross sections of 4He obtained with the AV8′+3NF
interaction. The figure is drawn based on the data of Ref. [132]. The experimental
data are taken from Refs. [136, 139, 133, 134, 140].
to the tensor force [115]. We can also estimate the decay width of the resonance by
taking the difference of two excitation energies at which the strength becomes half of
the maximum strength at the peak. The agreement between theory and experiment
is very satisfactory. The strength functions can also be compared with the spin-flip
cross sections of the 4He(7Li,7Beγ) measurement [134]. Since the absolute value of
the SD component was not determined experimentally, the experimental distribution is
normalized to the sum of the theoretical strength for λ = 0, 1, 2 integrated from 18 to
44 MeV where the experimental data are available. The comparison between the theory
and experiment is qualitative, but the experimentally observed peak apparently agrees
with the calculated one and it is dominated by the JpiT = 2−1 state of 4H.
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Figure 15. Spin-dipole strength functions of 4He to 4H charge-exchange process with
the AV8′+3NF interaction. The figure is drawn based on the data of Ref. [115]. The
‘experimental data’ are taken from Ref. [134] for reference. See text for a detail.
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4.2.5. Neutrino-4He reactions The typical temperature of the core-collapse supernova
is around 10 MeV and the energy of neutrino is rather low Eν < 100 MeV. In this energy
region below the pion production threshold, the neutrino (anti-neutrino)-4He CC and
NC reactions lead to the following continuum states:
νe +
4He→ e− + 3p+ n, e− + 2p+ d, e− + p+ 3He (52)
ν¯e +
4He→ e+ + p+ 3n, e+ + 2n+ d, e+ + n + 3H (53)
ν + 4He → ν + 2p+ 2n, ν + p+ n + d, ν + n + 3He,
ν + p+ 3H, ν + 2d (54)
The inclusive neutrino-nucleus cross section including all continuum final states can be
studied using the strength functions from the ab initio approach.
The transition matrix elements for the low-energy neutrino-4He reaction would be
dominated by the first-forbidden transitions leading to the negative parity states. The
allowed Gamow-Teller and Fermi transitions are expected to be very weak because of
the doubly-closed shell structure of 4He. In this work, we consider following one nucleon
vector and axial vector currents,
V αIA,0(X) =
∑
i
fV τ
αV
i δ(X − ξi), (55)
AαIA(X) =
∑
i
fAσiτ
αA
i δ(X − ξi). (56)
Here the isospin operators are ταVi = τ
αA
i = τ
±
i for CC ν and ν¯ reactions, and
ταVi = (1 − 2 sin2 θW )τ 3/2 − 2 sin2 θW , ταAi = τ 3i /2 for NC reactions. Here θW is
Weinberg angle. The one-nucleon operators for the first-forbidden transition in the
long wavelength approximation are given as
OJM =
∑
i
fA[ξi ⊗ σi]JMταAi (57)
for the axial vector current and
O1M =
∑
i
fV (ξi)Mτ
αV
i (58)
for the vector current. It is noticed that only T = 1 states are excited because the
isoscalar dipole operator is reduced to the center of mass coordinate.
In the following we focus on the cross section formula of CC reactions. The inclusive
cross sections for ν/ν¯-4He CC reactions in the low-energy region are given with the
following strength functions Sx(p, J, ω):
Ssd(p, J, ω) = Sf | 〈Ψf‖
∑
j
[ξj ⊗ σj](J)τ±j ‖Ψ4He〉 |2δ(Ef − E0 − ω), (59)
Sd(p, 1, ω) = Sf | 〈Ψf‖
∑
j
ξjτ
±
j ‖Ψ4He〉 |2δ(Ef − E0 − ω), (60)
Ssd−d(p, 1, ω) = Sf 〈Ψf‖
∑
j
[ξj ⊗ σj ](1)τ±j ‖Ψ4He〉 〈Ψf‖
∑
j′
ξj′τ
±
j′ ‖Ψ4He〉∗
× δ(Ef − E0 − ω), (61)
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where ω = Eν − Ee. The last term Ssd−d(p, 1, ω) is the interference term of the vector
and axial vector currents. Here p =IV± for CC neutrino and anti-neutrino reactions.
Using the standard multipole expansion formula of neutrino reactions in Sec. 3.1.1, the
structure functions Wi are given in terms of the strength functions as
W2 = V
2
ud
(
WL +
Q2
2|q|2WT
)
, (62)
2W1 = V
2
udWT , (63)
where
WT = f
2
A|q|2
(
1
3
Ssd(p, 1, ω) +
1
5
Ssd(p, 2, ω)
)
+ f 2V
2ω2
3
Sd(p, 1, ω), (64)
WL = f
2
Aω
2
(
1
3
Ssd(p, 0, ω) +
2
15
Ssd(p, 2, ω)
)
+ f 2V
Q4
3|q|2Sd(p, 1, ω), (65)
W3
MT
=
2
√
2
3
fAfV ωS
1
sd−d(p, 1, ω). (66)
Similar expressions can be obtained for NC reactions.
The cross sections dσ/dE of neutrino-4He CC (left) and NC (right) reactions as
a function of excitation energy (E) at Eν = 50 MeV are shown in Fig. 16. Here the
cross sections are obtained by using the strength functions calculated in Ref. [115]. As
shown in Fig. 16, the contributions of spin-dipole operators of JpiT = 2−1 and 1−1 give
main strength of the neutrino reactions. The contribution of 0−1 states is small for
both CC and NC reactions, while the dipole operator gives non-negligible contribution
for the CC reaction. The energy dependence of the total cross sections for CC νe−4He,
CC ν¯e−4He and NC νe−4He reactions are shown in Fig. 17. The cross section of the
ab initio calculation is shown in solid curve. For comparison, results of shell-model
calculation [141] with the WBP [142](green circle) and SPSDMK [143](blue square)
shell model interactions are also shown in Fig. 17. The ab initio calculation of NC
reaction agrees with the shell model calculation of SPSDMK, while for CC reaction, the
Ssd−d term, which has not been included in our current calculation, may give a sizable
contribution because of non-negligible contribution of the dipole operator; the Ssd−d
term is the V -A interference term in which the matrix elements of the vector current
and the axial vector current interfere.
Before predicting the temperature average cross section for the simulation of
supernova explosion, we have to include V -A interference term for 1−1 final states,
meson-exchange current for the axial vector current and possible contribution of the
recoil order term to the time component of the axial vector current A0 ∼ p · σ/mN ,
which has been studied for the nuclear muon capture reaction [144]. Taking into account
those effects, the ab initio study of the neutrino reaction is of great interest to help to
clarify the role of light nuclei for the heating mechanism of the core-collapse supernova.
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Figure 16. The differential cross sections dσ/dE of neutrino-4He CC(left) and
NC(right) reactions at Eν = 50MeV. Contributions of axial vector spin-dipole
operators as a function of nuclear excitation energy E are shown in solid (red)
(JpiT = 2−1(A)), long-dashed (blue) (1−1(A)) and short-dashed (green) curves
(0−1(A)). The contribution of dipole operator of vector current is shown in dash-
dotted (brown) (1−1(V )) curve.
Figure 17. The total cross section of CC reactions (νe +
4He → e− +X (left panel)
and ν¯e +
4He → e+ + X (middle panel)) and NC reaction (ν + 4He → ν + X (right
panel)). The solid curves show the result of this work and are compared with the shell
model calculation [141] with the WBP(green circle) and SPSDMK(blue squares) shell
model interactions.
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5. Quasi-Elastic Interactions
As stressed in the Introduction, the next-generation neutrino oscillation experiments
that aim at extracting the neutrino-mass hierarchy and leptonic CP violation would
require a quantitative understanding of the neutrino-nucleus interactions at the level of
a few % accuracy or better. In the neutrino energy region from 0.2 to 2.0 GeV, the
charged-current quasi-elastic (CCQE) process gives the largest contributions than the
other reaction mechanisms induced by neutrinos. In neutrino oscillation experiments
utilizing neutrinos in this energy region, the neutrino energy is often reconstructed using
a formula based on the QE kinematics with the initial nucleon at rest as follows:
ERecν =
2El′m˜N − (m2l′ + m˜2N −m2N )
2(m˜N −El′ + pl′ cos θl′) , (67)
where m˜N = mN − ǫ with ǫ being the separation energy; El′ =
√
p2l′ +m
2
l′. With this
formula, the neutrino energy is reconstructed with the final lepton kinematics (pl′ and
θl′) measured in the experiments. However, the relation of Eq. (67) could be considerably
modified by the Fermi motion of the initial nucleon and the final state interaction (FSI)
of the outgoing nucleon. Therefore, a reliable modeling of the CCQE process is of
particular importance to extract precise neutrino flux from the data.
In this section, we describe the inclusive lepton-nucleus reactions in the ’impulse
approximation (IA) scheme’ [145, 146, 147]. The IA scheme is basically the plane wave
impulse approximation, where a target nucleus can be seen as a collection of individual
nucleons by an electroweak probe with the large spatial momentum q that has a spatial
resolution of ∼ 1/|q| sufficiently finer than a typical inter nucleon distance in nuclei, and
the struck nucleon and the (A − 1) spectator nucleons can be treated as independent
systems. In the IA scheme, nuclear response is described in terms of the nuclear spectral
function (SF) [145, 146, 147]. The following two subsections are devoted to discuss the
cross section of the inclusive reaction in the IA scheme, and a presentation of the nuclear
SF. The interaction between the struck nucleon and the remaining (A−1) nucleons, i.e.,
FSI, is taken into account in the convolution formula explained in the next subsection.
Then final subsection follows to present numerical results where the IA scheme with FSI
is confronted with precise electron scattering data.
5.1. Impulse approximation and cross section formula
Within the IA scheme, cross sections for the QE lepton-nucleus scattering process can
be given by an incoherent sum of the cross sections for the individual nucleons as
dσIAlA
dEl′dΩl′
=
∫
d3p dE Ph(p, E)
mN
Ep
[
Z
dσlp
dEl′dΩl′
+ (A− Z) dσln
dEl′dΩl′
]
× Pp(p+ q, q0 − E − tA−1) , (68)
where tA−1 is the recoil energy of the residual nucleus and dσlN/dEl′dΩl′ (N = p, n) is the
elementary cross section stripped off the energy-conserving δ-function (see Ref. [145, 147]
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for detail); the elementary cross section is given by the single nucleon matrix elements
presented in Eqs. (26)-(28). The hole SF is denoted by Ph(p, E), and is discussed
in detail in the next subsection. The particle SF denoted by Pp(p
′, T ′) describes the
propagation of the struck nucleon that carries the momentum p′ and the kinetic energy
T ′. We assumed that the spectral functions are the same for protons and neutrons in
Eq. (68).
For the particle SF, we use the following two approximations. The simplest option
is to account for Pauli blocking using the Heaviside step function, as in the Fermi gas
model, as
P θp (p
′, T ′) = δ(Ep′ −mN − T ′)
[
1− θ(pF − |p′|)
]
, (69)
where pF = 211 MeV has been determined from the local density approximation (LDA)
average,
pF =
∫
d3rρ(r)pF (r), (70)
with pF (r) = (3π
2Aρ(r)/2)1/3. In another option, the particle SF is based on the LDA
treatment of Ref. [148], and is calculated from the momentum distribution (nNMρ (p
′)) of
isospin-symmetric nuclear matter at uniform density ρ as
P LDAp (p
′, T ′) = δ(Ep′ −mN − T ′)
×
[
1−
∫
d3rρ(r)Cρn
NM
ρ (p
′)
]
, (71)
where Cρ = 4πp
3
F (r)/3; Cρn
NM
ρ (p
′) corresponds to θ
(
pF (r)− |p′|
)
in the local Fermi gas
model [149].
5.2. Nuclear spectral function
The nuclear (hole) SF P (p, E) (subscript ’h’ is omitted for simplicity in what follows) is
the probability of removing a nucleon of the momentum p from a ground-state nucleus
with an excitation energy E as defined by
P (p, E) =
∑
R
|〈0|R,−p;N,p〉|2δ(E −mN + E0 −ER) , (72)
where |0〉 and E0 are respectively the state vector for the ground state of the target
nucleus and its energy eigenvalue, while |R,−p〉 and ER are an (A − 1)-body state
vector with the CM momentum −p and its energy eigenvalue, respectively; |N,p〉 is a
single nucleon state vector with the momentum p. In the following calculation, we use
the spectral function calculated with the LDA [150]. The LDA consists of: (i) the mean
field contribution that is based on the experimental information obtained from (e, e′p)
measurements; (ii) the NN correlation of a uniform nuclear matter. The LDA-based
spectral function for 16O is shown in Fig. 18 (left and middle panels). The nuclear
matter results of Ref. [150] and the Saclay (e, e′p) data [151] are encoded in the spectral
function. The mean-field contribution amounts to ∼ 80 % while the remaining ∼ 20 %
Towards a Unified Model of Neutrino-Nucleus Reactions for Neutrino Oscillation Experiments36
Figure 18. (color online). (Left) 3D plot of the spectral function for the 16O ground
state based on the LDA approximation. (Middle) Scatter plot of the function shown
in the left panel. (Right) The momentum distribution of nucleons in the 16O ground
state. Solid line: LDA approximation. Dashed line: FG model with Fermi momentum
pF = 221 MeV. Diamonds: Monte Carlo calculation based on the wave function of
Ref. [152]. Figures taken from Ref. [145]. Copyright (2005) APS.
are from the correlation. The large p (p ≫ pF ; the momentum p is denoted by k
in Fig. 18 (left, middle)) and large E (E ≫ eF ) components of the spectral function
are highly correlated. It is clear that a relativistic Fermi Gas model (RFG) assuming a
uniform momentum distribution up to the Fermi momentum (pF ) in a uniform potential
gives an inadequate description of the spectral function. It would be also informative
to present the nucleon momentum distribution defined by
n(p) =
∫
dE P (p, E) (73)
= 〈0|a†
p
ap|0〉 , (74)
where a†
p
(ap) denotes the creation (annihilation) operator of a nucleon with the
momentum p. The nucleon momentum distribution (labelled as LDA) shown in Fig. 18
(right) is obtained from the LDA-based spectral function shown in Fig. 18 (left, middle)
by using Eq. (73). This is compared to the one calculated with a variational Monte
Carlo calculation of Ref. [152]. Clearly, the LDA-based n(p) is in good agreement with
that based on the Monte Carlo calculation. We also show in Fig. 18 (right) n(p) from
the FG model corresponding to Fermi momentum pF = 221 MeV for a comparison. It
is clear that the FG model gives a very different distribution.
After the NuInt12 Workshop [153], all the major neutrino experimental groups use
the spectral function in calculating both QE and pion production cross sections, rather
than a simple Fermi-Gas Model [149].
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5.3. Final state interaction (FSI)
The cross section formula based on the IA scheme, Eq. (68), needs to be modified by
taking account of the FSI. For this purpose, we employ the convolution scheme [154]
where the IA cross section (Eq. (68)) is integrated with a folding function as
dσFSIlA
dωdΩl′
=
∫
dω′fq(ω − ω′) dσ
IA
lA
dω′dΩl′
, (75)
where ω is the energy transfer from the lepton, and fq(ω) is the folding function through
which the FSI effect is introduced. The folding function can be given by
fq(ω) = δ(ω)
√
TA +
(
1−
√
TA
)
Fq(ω), (76)
where TA denotes the nuclear transparency, and Fq(ω) is a finite-width function. In the
limit of full nuclear transparency, TA → 1, the IA cross section is recovered in Eq. (75).
Now let us connect the above convolution scheme for describing the FSI with an
optical potential scattering. The FSI for the QE process can be described with an optical
potential U = UV + iUW , originally proposed by Horikawa et al. [155] in the context of
(e, e′) processes. The real part of the potential, UV , modifies the energy spectrum of the
final-state nucleon, thereby shifting the cross section by ω → ω−UV . In the convolution
scheme, this effect of UV can be accounted for by modifying the folding function as
fq(ω − ω′)→ fq(ω − ω′ − UV ). (77)
Meanwhile, the imaginary part, UW , re-distributes the transition strength of some of
one-particle one-hole final states to more complex final states, leading to the quenching
of the QE peak and the associated enhancement of its tails. In the convolution scheme,
this effect of UW can be taken care of by using
Fq(ω) =
1
π
UW
U2W + ω
2
, (78)
in Eq. (76). The remaining piece is the nuclear transparency TA in Eq. (76). In the
calculation shown below, we use experimentally determined nuclear transparency of 12C
reported in Ref. [156]. We also neglect the |q|-dependence of Fq(ω) in Eq. (76) and
evaluate it at |q| = 1 GeV.
Having seen the relation between the optical potential U and the folding function
fq(ω), we now employ an optical potential that has been tested by data, and then
plugged it into the folding function following the relation. With the folding function,
the differential cross sections including the FSI effects are obtained from Eq. (75). We
choose the proton-12C optical potential due to Cooper et al. [157] based on the Dirac
phenomenology. In this framework, the optical potential consists of the scalar (S) and
vector (V ) parts appearing in the Dirac equation. Their dependence on the nucleon
kinetic energy (tkin) and the radial coordinate r has determined by fitting the data in
the range of 29 ≤ tkin ≤ 1040 MeV. The scalar and vector potentials are related to the
total energy of the proton E ′tot = E
′
tot(tkin, r) by
E ′tot(tkin, r) =
√
(mN + S(tkin, r))2 + p′2 + V (tkin, r), (79)
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Figure 19. (color online). Real part of the proton-12C optical potential as a function
of kinetic energy of the proton. The potential is related to the Dirac phenomenological
fit of Cooper et al [157] through Eqs. (79) and (80). Figures taken from Ref. [147].
Copyright (2015) APS.
with p′ being the nucleon’s momentum and related to tkin by tkin = p
′ 2/2mN . Here,
as seen in Eqs. (77) and (78), the optical potential U is treated as a r-independent
quantity. Therefore, U is defined as an average shift of the nucleon energy from the
on-shell energy Ep′ =
√
m2N + p
′2,
U =
∫
d3rρ(r)E ′tot −Ep′ , (80)
which is calculated from the optical potential, S and V , of the Dirac phenomenology.
Regarding the density distribution of 12C, we extract it from the measured charge
density [158] following the procedure in Ref. [159]. The real part of the optical potential
(UV ) is presented in Fig. 19. In the low tkin region, UV is large and negative as seen
in the figure while the imaginary part (UW ) is small. Reference [147] and numerical
results in the next subsection are mostly concerned with this energy region, and the
above-described procedure was used in taking account of the FSI. On the other hand, in
higher energy region (> 200 MeV), UV becomes negligible and UW dominates. In this
energy region, a different prescription based on a generalization of Glauber theory for
including the FSI effects was taken in Ref. [145].
Since the nucleon kinematics is integrated over in Eq. (68), tkin for E
′
tot and TA in
using Eq. (75) is determined from the lepton kinematics
tkin =
E2l (1− cos θl′)
mN + El(1− cos θl′) , (81)
where El and θl′ denote the incident lepton energy and the lepton scattering angle,
respectively. This relation corresponds to scattering of a massless particle on a nucleon
at rest.
5.4. Numerical results, comparison with electron scattering data
Comparison of the calculations with all existing inclusive 12C(e, e′) data in the energy
region from Ee = 0.2 to 2.0 GeV is shown in Fig. 20 [147]. These figures display
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Figure 20. (color online). Differential cross sections, dσ/dωdΩe′ , for electron-
12C
scattering; ω is the energy transfer to the nucleus. The results obtained with Pauli
blocking accounted for in the local-density (solid lines) and step-function (short-dashed
lines) approximations are compared to the experimental data from (a)-(g) Barreau et
al. [160], (h) Baran et al. [161], and (i) Whitney et al. [162]. The IA (long-dashed
lines) and RFG calculations (dotted lines) are also shown for reference. The panels
are labeled according to beam energy, scattering angle, and values of |q| and Q2 at the
quasi-elastic peak. Figures taken from Ref. [147]. Copyright (2015) APS.
double differential cross sections as a function of the energy transfer to the nucleus
ω in the increasing order of the momentum transfer |q|. The low |q| data show the
contributions from discrete nuclear excitations including a giant dipole resonance and
the elastic electron scattering in the small ω region, which are absent in the model. As
|q| increases, the data start to cover the dip region between the QE peak and ∆(1232)
peak in the large ω region.
The results obtained with the RFG model are shown by the dotted curves in Fig. 20.
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Parameters of the RFG model, Fermi momentum 221 MeV and separation energy ǫ = 25
MeV, were determined in Ref. [162] to fit the data shown in Fig. 20(i). Finding of the
analysis is that even though the RFG model fits the data at this kinematics, the model
predictions start to deviate from the data around the QE peak as |q| decreases. Within
the RFG model, it is not possible to find a parameter set with which the model can
fairly reproduce the (e, e′) data in the broad kinematical region of interest for neutrino
oscillation studies.
The results of the IA scheme without FSI are shown by the long-dashed curves
while those including FSI and with the particle SF of Eq. (69) [Eq. (71)] are shown by
the short-dashed [solid] curves in Fig. 20. Large contributions of FSI bring the IA results
to fairly agreement with the data, especially around the QE peak from low to high |q|
region. The effects of FSI are the redistribution of the strength from the peak to the
tails due to the imaginary part of the optical potential and the shift of the cross section
toward lower energy transfers due to the real part of the optical potential. The shift of
the cross section is getting smaller for higher |q| (larger tkin), as expected from Fig. 19.
The two prescriptions of the Pauli blocking, Eqs. (69) and (71), give very similar results
near the QE peak. In the low |q| region, where Pauli blocking plays an important role,
the LDA prescription of Eq. (71) may be slightly favored.
It is noticed that, at higher |q| and ω region, the results tend to underestimate the
data beyond the QE peak, as in Figs. 20(d)-(i). In this dip region, two-particle–two-
hole (2p2h) final states induced by two-nucleon correlations and two-nucleon currents
as well as the other inelastic processes (e.g., pion production) would contribute to fill
the gap [163, 164, 165]. Although initial (final) nucleon correlations have been taken
into account in Ref. [147] through the nuclear spectral function (FSI), more elaborate
treatment of FSI and inclusion of two-nucleon currents are needed. Analysis in this
direction done with the spectral function formalism is reported in [166]. Also, recent
works on 2p2h mechanisms and effects are reviewed in Ref. [12, 16].
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6. Neutrino-nucleus reactions in the RES region
Recently, neutrino-nucleus scattering in the RES region, single pion productions in
particular [43, 44, 167, 168], has been actively studied experimentally for better
understanding the process and for developing a better model to be implemented in
a generator. A microscopic description of this process is as follows. In the initial state,
nucleons are bound in a nucleus under a certain energy and momentum distribution.
The distribution is given by a Fermi gas model in the simplest treatment, and a more
realistic distribution is given by a spectral function based on a shell model or an ab
initio calculation [150]. Then an electroweak current interacts with one of the nucleons
to produce a meson and the recoiled baryon. This process is described by elementary
amplitudes such as those discussed in Sec. 3.3.4. The meson and baryon then propagate
in the nucleus. In the course of the propagation, they can change their momenta and
charges by interacting with the surrounding nucleons. The meson can even be absorbed
by the nucleus, and a few nucleons are kicked out from the nucleus at the same time.
These final state interactions (FSI) can be described, in principle, with a multiple
scattering theory as those formulated, e.g., in Ref. [169]. More practically manageable
formulation is the so-called ∆-hole model [170, 171, 172, 173], more details of which will
be discussed later in Sec. 6.2. However, these quantum mechanical calculations become
a formidable task when dealing with a typical situation of the neutrino experiments
where a few nucleons (and one or a few pions) are emitted from the nucleus. Because
of the complexity of the problem, the most common treatment of the FSI has been to
use a (semi)classical hadron transport model so far [20, 174, 175].
In the rest of this section, we discuss our own works on two particular cases that
are relatively straightforward to deal with. One of them is neutrino-induced single
pion productions off the deuteron. The old bubble chamber data are available for these
processes [25, 73], and it has been well recognized that the data are valuable information
from which the axial form factors associated with the N -∆(1232) transition can be
extracted. However, in the previous analyses, the nuclear effects, the FSI in particular,
have not been taken into account in extracting the axial form factors. The deuteron is
the simplest nucleus and thus the nuclear effects can be taken into account by explicitly
dealing with interactions among all of mesons and baryons that appear in the process; no
need to introduce a mean field nor phenomenological many-body effects. We will discuss
our formalism and show significant nuclear effects in the following subsection. Another
subject to be discussed in the subsequent subsection is coherent pion productions in
the neutrino-nucleus scattering. In the coherent processes where the nucleus in the
final state stays in its ground state, the FSI can be described with multiple iterations
of an optical potential between the pion and the nucleus in the ground state. This is
the situation where the ∆-hole model is the most suitably applied. It is also timely
to study the coherent process because this process has been studied experimentally
recently [35, 45, 47, 176, 177, 209], and thus we can study how the ∆-propagation is
modified in nuclei by confronting calculations with the data.
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6.1. Neutrino induced pion production reaction on deuteron
The neutrino-induced pion production reaction through ∆(1232) resonance plays a
dominant role in the RES region as discussed in Sec. 3.3.4. This process is interesting
from hadron physics point of view because we can study the axial vector AN∆ transition
form factor, CA5 [Eq. (33)]. One can relate the πN∆ coupling constant with the AN∆
form factor assuming the PCAC, which however needs to be examined against cross
section data. Information of the axial vector form factor can be obtained from a
combined analysis of pion electroproductions and neutrino induced pion production
reactions. Currently available data of the pion production reactions on the nucleon in the
RES region are bubble chamber data from ANL [23, 73], BNL [25] and BEBC [26, 178],
which are mainly data for neutrino-deuteron reactions. Consider the charged-current
(CC) single pion production reactions on the deuteron: νµ + d→ µ− + π+ + p+ n and
νµ + d→ µ− + π0 + p+ p. The pion production cross sections for three channels
νµ + p → µ− + π+ + p , (82)
νµ + n→ µ− + π+ + n , (83)
νµ + n→ µ− + π0 + p , (84)
have been extracted by assuming ’quasi-free’ pion production mechanism with the
spectator nucleon. The first channel Eq. (82) is purely isospin 3/2 reaction and is
dominated by the ∆ excitation. Especially the data for restricted πN invariant mass
region, W < 1.4GeV, are useful to study the ∆ resonance excitation. It has been
recognized that there are some tension between the data of ANL and BNL [179, 180].
Recently, it has been demonstrated the ratios between the pion production process and
the non-pion production quasi-elastic process of ANL and BNL are consistent with each
other, which raises the questions on the normalization of the neutrino flux [87, 181, 182].
The cross section data for the three channels in Eqs. (82)-(84) will be modified
by additional reaction mechanisms such as FSI of πNN system, where a simple
interpretation with a ’quasi-free’ reaction mechanism does not work. In fact, it is
known the FSI among pion and nucleons are important in pion photoproductions on the
deuteron [183, 184, 185, 186]. The FSI for the νd reactions has been studied only recently
by Wu et al. [74]. Here we briefly show the role of FSI following [74]. Within the first
order correction of the multiple scattering theory [169], the transition amplitude of the
neutrino-induced pion production can be written as a sum of impulse, nucleon-nucleon
(NN) rescattering and pion-nucleon (πN) rescattering mechanisms,
T µ(d→ πNN) = < πNN |(1 + (TNN + TpiN)G0)Jµ|d > . (85)
Here Jµ is a pion production weak current N + Jµ → π + N . The rescattering
correction is taken into account by the second and the third terms of Eq. (85) using
the nucleon-nucleon (TNN ), the pion-nucleon (TpiN) scattering t-matrix and the πNN
Green’s function (G0) as shown in Fig. 21.
Here we adopt a dynamical model developed in Refs. [65, 66, 83, 187] (called the SL
model). to describe electroweak single pion production on the nucleon in the ∆(1232)
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Figure 21. The impulse (left), NN rescattering (middle) and πN (right) rescattering
mechanisms of Eq. (85).
resonance region. The SL model has been well tested [83, 187] against the data of πN
scattering and electromagnetic pion production reactions on the nucleon in the ∆(1232)
resonance region. It also describes [65] well the cross sections of neutrino-induced single
pion productions on the proton and neutron. We used the high precision Bonn nucleon-
nucleon potential [188] to describe the deuteron and NN scattering state.
At first, we show that the current model describes well the available data of
incoherent pion photo-production reactions on the deuteron. The results for the total
cross sections of γ+ d→ π0+n+ p and γ+ d→ π−+ p+ p as a function of the photon
energy are shown in Fig. 6.1. For the γ + d→ π0 + n + p reaction, the cross section is
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Figure 22. (Color online) The total cross sections of γ + d→ π0 + n+ p (Left) and
γ + d→ π−+ p+ p (Right). The red dashed, blue dash-dotted, and black solid curves
represent the impulse term , the impulse + (NN FSI), and the impulse + (NN + πN
FSI), respectively. This figure is taken from Ref. [74].
greatly reduced when the np FSI (TNN term) is added (dot-dashed curve) to the impulse
term (dashed curve). The πN FSI (TpiN term) is also included in our full calculation
(solid curve), which is a small effect. A similar comparison for the total cross sections of
γ + d→ π− + p+ p is shown. Here both the pp and the πN FSI are weak. Clearly, the
np re-scattering effects are very large for the π0 production reaction, while effects of FSI
is small for π− production reaction. Our full calculations are in reasonable agreement
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with the data in both π0 and π+ production reactions, while some improvements are
still needed in the future. The result on the pion photoproductions shows that our
calculational procedure is valid for predicting the ν+ d→ µ+π+N +N cross sections.
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Figure 23. The differential cross sections dσ/dEµ−dΩµ−dΩpi of νµ + d→ µ− + π+ +
p+n (left) and νµ+ d→ µ−+π0+ p+ p (right) as function of θLABpi in the laboratory
system. See caption of Fig. 6.1. The figure is taken from Ref. [74].
Within the same calculational procedure as the pion photoproduction, we have
studied the neutrino-induced pion productions on the deuteron: νµ+d→ µ−+π++n+p
and νµ + d→ µ− + π0 + p+ p. The neutrino energy is chosen as Eνµ = 1GeV with the
angle between νµ and µ
− set at θµ− = 25
◦ and Eµ = 550, 600, 650 MeV. This kinematics
is chosen to simulate the ’quasi-free’ ∆ production process, where maximum values of
the predicted cross sections are expected. The predicted pion angular distributions
dσ/dEµ−dΩµ−dΩpi are shown in Fig. 23. For νµ+d→ µ−+π++n+p reaction, we have
included contribution of pion production amplitudes from both proton and neutron.
The NN FSI is large at forward pion for νµ + d→ µ−+ π+ + n+ p reaction, while it is
small for the νµ+ d→ µ−+π0+ p+ p reaction. The πN FSI is small for both channels.
The situation here is similar to what we have observed in the pion photoproductions that
the FSI effects from the np scattering are much larger than that from the pp scattering.
It may be understood by the orthogonality relation between bound state and scattering
state of the 3S1-
3D1 partial wave, which affects overlap integrals for low momentum
transfer reactions.
In conclusion, the results strongly suggest that the spectator approximation used
to extract the pion production cross sections on the nucleon from the data on the
deuteron is not valid for the ν + d → µ− + π+ + n + p, but is a good approximation
for ν + d → µ− + π0 + p + p. It will be important to extend this analysis to cover the
whole kinematical region and examine the FSI effects on the total cross sections for the
neutrino-induced pion production reactions on the deuteron. It will be also important
to apply our approach to investigating the neutrino-deuteron reactions in the higher
W region where the higher mass nucleon resonances play important roles. Such an
investigation can be performed with the coupled-channels model discussed in Sec. 3.3.4.
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6.2. Coherent pion productions
Two different theoretical approaches have been taken to study the neutrino-induced
coherent pion production. One of them is to use a model based on the PCAC
relation [46, 189, 190, 191, 192, 193]. Because of the nuclear form factor, the coherent
process is strongly suppressed when Q2 departs from zero. In this situation, the
amplitude is dominated by the divergence of the axial current that is related to the pion-
nucleus elastic scattering amplitude through the PCAC relation. Another approach is
to use a dynamical microscopic model [194, 195, 196, 197, 198, 199, 200, 201]. The
model consists of ingredients such as elementary amplitudes, a nuclear form factor, and
an optical potential for pion-nucleus elastic scattering. The nuclear effect on the ∆
propagation also needs to be under control. Our model discussed below is classified
into the latter approach. We do not go into details of each of the models, and refer the
readers to a compact summary of the theoretical status given in Ref. [202].
Now we discuss our dynamical model for the coherent pion productions. It is based
on the Sato-Lee (SL) model [65, 66] combined with a ∆-hole model. The SL model is a
prototype of the DCC model discussed in Sec. 3.3.4; it has only the πN channel coupled
to the ∆(1232) and is designed to work well in the ∆(1232) region. The ∆-hole model
accounts for the nuclear effects. Here we give a brief explanation of the ∆-hole model for
the elastic pion-nucleus scattering; for a full account, consult Refs. [170, 171, 172, 173].
In this formulation, the nuclear Fock space is divided into the nuclear ground state
and a pion (P0), one-particle one-hole and a pion (P1), one-∆ one-hole (D), and all
the other (Q); the symbols in the parentheses are the projection operators onto the
corresponding nuclear Fock space, and thus P0 + P1 +D +Q = 1. With the projection
operator, we write a projected Hamiltonian as, for example, HP0D = P0HD. Applying
the projection operator method to Schro¨dinger equation in the full space, we can derive
a Schro¨dinger equation defined in the subspace P0 that describes the pion-nucleus elastic
scattering. In the ∆-hole model, we assume that the D-space is the doorway from the
P = P0 + P1 space to the Q space, i.e., HPQ = HQP = 0. Then we can write the
pion-nucleus scattering amplitude that includes the ∆ excitation as
TP0P0(E) = HP0DG∆h(E)HDP0 , (86)
where the total energy in the center-of-mass frame is denoted by E. The quantity G∆h
in Eq. (86) is ∆-hole propagator that is more explicitly written by
G−1∆h = D(E −H∆)−Wel − ΣPauli − Σspr . (87)
We denoted the propagator of ∆ in the vacuum with the invariant mass W by D(W ),
and write more explicitly as
D(W ) =W −m0∆ − Σ∆(W ) , (88)
where m0∆ and Σ∆ are the bare mass and self energy of the ∆-resonance, respectively. In
Eq. (87), H∆ is the Hamiltonian for the ∆-particle in the nucleus. The effects associated
with complicated configurations belonging to the Q-space such as multi-particle multi-
hole states are very difficult to deal with microscopically, and thus the common practice
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is to squash them into the phenomenological ∆ spreading potential [Σspr in Eq. (87)]
that includes adjustable parameters to fit pion-nucleus scattering data. The model
takes account of couplings to the P1-space through the ∆ self energy Σ∆(W ) included
in D(E−H∆) [see Eq. (88)] with a correction ΣPauli associated with the Pauli blocking.
Couplings to the P0-space denoted by Wel in G∆h describe the elastic rescattering. A
calculation of the pion-nucleus elastic amplitude in Eq. (86) needs a diagonalization of
G∆h which is numerically rather involved. Here, we employ a simplified treatment of
G∆h proposed by Karaoglu and Moniz [203], based on the local density approximation.
A resonant amplitude for coherent pion production induced by an electroweak current
can be obtained from Eq. (86) by replacing HDP0 with HDP ′0 where P
′
0 is the space
spanned by the external electroweak current and the nucleus in the ground state. We
emphasize here that our framework treats the medium effect on the ∆ propagation in the
pion-nucleus scattering and also in electroweak pion productions on the same footing.
Because of this consistency, we can make a parameter-free prediction for electroweak
coherent pion production cross sections, once we determine parameters associated with
the medium effects, i.e., those included in Σspr, by fitting the pion-nucleus scattering
data. Our numerical analysis will also be done in this ordering. We refer the readers to
Ref. [200] to find more explicit and detailed formulas for the quantities in Eqs. (86)-(88)
and for coherent pion production amplitudes that are actually implemented in numerical
calculations.
From now we present our numerical results. The first thing to do is to analyze
pion-nucleus scattering data. The pion-nucleus optical potential derived from the SL
combined with the ∆-hole model is the main driving force for this process. We have two
complex adjustable parameters in Σspr. In addition, we also consider a phenomenological
term that are proportional to the square of the nuclear density; this term simulates the
pion absorption by two nucleons through non-∆ mechanism. Then we have additional
two complex adjustable parameters. After all, we fit the data for both elastic and total
cross sections in and around the ∆ region by adjusting totally eight free parameters.
The quality of the fit can be seen in Fig. 24 where our calculations for the π-12C elastic
differential cross sections are compared with the data. The agreement between our
calculations and the data are reasonably good. We note that a good agreement is also
obtained between our calculation and pion-nucleus total cross section data.
With the parameters fixed in the above analysis, we can then make a parameter-
free prediction for coherent pion productions. First, we calculate photon-induced
coherent pion production for which data with a good quality are available. The
photoproduction is a good testing ground to examine the reliability of our model. In
Fig. 25, we show a comparison of our numerical results for the differential cross sections
for γ+ 12Cg.s. → π0+ 12Cg.s. with data [206, 207]. Different curves in each panel include
different dynamical contents. The dashed curves include neither FSI nor the medium
effects on ∆-propagation. By including the medium effects on the ∆, the dotted curves
are obtained. Finally our full calculation gives the solid curves. Clearly, the medium
effects are large and important in achieving a good agreement with the data. Particularly
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Figure 24. π-12C elastic differential cross sections. The full calculations are shown
by the solid curves while the results obtained without the phenomenological ρ2-term
are shown by the dashed curves. The data are from Ref. [204] for (a) and Ref. [205]
for (b) and (c). Figures taken from Ref. [200]. Copyright (2010) APS.
in the ∆ region [Fig. 25 (b)], the medium effects work to absorb pions, leading to the
drastic reduction of the cross sections. The obtained good agreement seen in Fig. 25
indicates the soundness of our approach, and encourages us to apply the same approach
to the neutrino-induced coherent pion productions. An interesting feature seen in Fig. 25
is that the non-resonant contribution (the difference between the solid and dash-dotted
curves) is significant even in the energy near the ∆(1232) peak [Fig. 25(b)]. This is
partly due to the fact that the resonant contribution is significantly reduced by the pion
absorptions.
We now move on to neutrino-induced coherent pion productions on 12C target. We
consider the CC processes, νµ(ν¯µ) +
12Cg.s. → µ−(µ+) + π+(π−) + 12Cg.s., and the NC
processes, ν(ν¯)+12Cg.s. → ν(ν¯)+π0+12Cg.s.. The total cross sections for these processes
are shown in Fig. 26 as functions of the incident neutrino (anti-neutrino) energy in the
laboratory system. As expected from the isospin factor, we find σCC/σNC ∼ 2 for higher
Eν . On the other hand, σNC becomes larger than σCC at low Eν because the massless
lepton in the final state gives the NC processes a larger phase space. The difference
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Figure 25. Differential cross sections for γ + 12Cg.s. → π0 + 12Cg.s.. The incident
photon energy is ELABγ =173 MeV for (a) and E
CM
γ =290 MeV for (b). The solid curves
are from the full calculations while the dashed curves are obtained without the FSI
and without the medium effects on the ∆-propagation. The dotted curves are obtained
with the medium effects on the ∆ included. By considering only the ∆ mechanism in
the pion production operator, we obtained the dash-dotted curves. The data are from
Ref. [206] for (a) and from Ref. [207] for (b). Figures taken from Ref. [200]. Copyright
(2010) APS.
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Figure 26. The total cross sections as a function of Eν for νµ +
12Cg.s. →
µ− + π+ + 12Cg.s. (solid curve), ν +
12Cg.s. → ν + π0 + 12Cg.s. (dashed curve),
ν¯µ +
12Cg.s. → µ+ + π− + 12Cg.s. (dotted curve) and ν¯ + 12Cg.s. → ν¯ + π0 + 12Cg.s.
(dash-dotted curve). Figure taken from Ref. [200]. Copyright (2010) APS.
between the neutrino and antineutrino processes is from the interference between the
vector and axial currents. Because the axial current dominates in the coherent processes,
this interference gives a rather small contribution.
We compare our result with available data. In order to do so, we average the cross
sections by convoluting with the neutrino flux that was used in the experiment. We
use the neutrino fluxes of Eν ≤ 2 GeV, and neglect the fluxes beyond that limit. To
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Channel (EXP.) CCπ+(K2K) CCπ+(T2K) NCπ0(MiniBooNE)
Data < 7.7 [35] 3.3± 0.8+1.3−1.2 [209] 7.7± 1.6± 3.6 [211]
3.9± 1.0+1.5−1.4 [209]
Alvarez-Ruso et al. [196, 197] 8.3 (4.4) 5.3 [209] 3.9 (2.0)
Berger et al. [192] 0.62×12 – –
Nakamura et al. [200] 6.3 3.1 [This work] 2.8
Herna´ndez et al. [201] 6.1± 1.3 – 2.6± 0.5
Table 1. CC and NC coherent pion production cross sections from several theoretical
calculations in comparison with data. The unit is 10−40cm2. In the second, third, and
fourth columns, theoretical cross sections have been convoluted with the neutrino fluxes
used in K2K [208], T2K [210], and MiniBooNE [212] experiments, respectively. The
two results of the T2K [209] are from different analyses in which different coherent pion
production models were used. See the text for more explanation on the T2K data. The
numbers in the parentheses from Alvarez-Ruso et al. are obtained with different form
factors.
compare with a K2K result for the CC process [35], we use the flux reported in Ref. [208]
and obtain σCCave = 6.3 × 10−40cm2. Our result is consistent with the upper limit from
the K2K experiment; σK2K < 7.7 × 10−40cm2. This upper limit was obtained with
some kinematical cuts which we also applied to our calculation. A similar upper limit
was also reported from a SciBooNE experiment [45]. For other theoretical calculations
compared with the K2K result, see Table 1. Nonzero CC coherent pion productions at
low energies (Eν <∼ 1 GeV) have been recently reported by the T2K Collaboration [209].
They performed two analyses in each of which a different coherent pion production
model was used: the models of Rein-Sehgal [46] and Alvarez-Ruso et al. [196, 197].
The data were collected within a restricted phase space, defined by pµ > 0.18 GeV,
0.18 < ppi < 1.6 GeV, and θµ(pi) < 70
◦, where the detector has a good acceptance; pµ(pi)
is the momentum of µ (π) and θµ(pi) is the angle between the µ (π) momentum and
the incident neutrino direction. The flux-averaged cross section to the restricted phase
space was found to be 3.2±0.8(stat)+1.3−1.2(sys) (2.9±0.7+1.1−1.1) ×10−40 cm2 when the model
of Rein-Sehgal [46] (Alvarez-Ruso et al. [196, 197]) was used. Then, the flux-averaged
total cross section was estimated using the model predictions for the unmeasured phase
space. 3.9 ± 1.0+1.5−1.4 (3.3 ± 0.8+1.3−1.2) ×10−40 cm2 was obtained for the model of Rein-
Sehgal [46] (Alvarez-Ruso et al. [196, 197]). We update our calculation of Ref. [200]
to compare with this new data covering the full phase space. For this purpose, cross
sections are convoluted with the neutrino flux for the T2K experiment [210] that peaks
at Eν ∼ 0.6 GeV. Our result, 3.1 × 10−40 cm2, is in a good agreement with the T2K
result.
Regarding the NC process, the MiniBooNE Collaboration reported the flux-
averaged cross section, σMiniBooNE = 7.7 ± 1.6 ± 3.6 × 10−40cm2 [211]. Using the same
flux as given in Ref. [212], we obtain σNC = 2.8 × 10−40cm2 which is barely consistent
with the MiniBooNE result. A similar tendency is also found in comparisons of other
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Eν = 1 GeV; ppi is the pion momentum in the laboratory frame. The solid, dashed,
dotted and dash-dotted curves include the same dynamical features as those in Fig. 25.
Figure taken from Ref. [200]. Copyright (2010) APS.
theoretical calculations tabulated in Table 1 with the data. Furthermore, the SciBooNE
Collaboration published the ratio between CC and NC coherent pion production cross
sections [177]: σCC/σNC = 0.14
+0.30
−0.28. On the other hand, our as well as all the other
theoretical calculations after 2005 gave rather different results, σCC/σNC = 1.5 ∼ 2,
which is expected from the isospin factor. Several authors [198, 200, 201] have suspected
that this puzzling situation could arise from the fact that the RS model [46, 189] was used
in the analyses of the NC data. They showed that η-distribution (η ≡ Epi(1−cos θpi)) of
the RS model is rather different from those of their microscopic models. In the NC data
analyses, the η-distribution has been proven useful in separating π0 events into each
production mechanism. Thus one may suspect this analyses could have overestimated
the NC cross sections. It would be interesting to re-analyze the data with a more realistic
coherent pion production model.
Finally, we discuss the pion momentum distribution in the neutrino-induced
coherent pion production to see an impact of the nuclear effects on the observables.
In Fig. 27, we show our result for νµ +
12Cg.s. → µ− + π+ + 12Cg.s. at Eν=1 GeV. As
we have seen in the photon-induced coherent pion production (Fig. 25), we again find
large medium effects here. The pion is significantly absorbed near the ∆ peak, and the
peak position is shifted by the FSI. It is also shown in the figure that the non-resonant
amplitudes contributes to enhance the cross section by 18% in this case. We note that
the rescattering effect significantly enhances the non-resonant contribution. This is in
contrast with the other microscopic calculations for the neutrino-induced coherent pion
productions that found little role of (tree-level) non-resonant mechanisms.
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7. Neutrino-nucleus reactions in the DIS region
7.1. Nuclear modifications of structure functions
The structure function F2 for the nucleon has been measured in a wide kinematical
region from small x (∼ 10−4) to large x (∼ 0.8) and from small Q2 (∼ 1 GeV2) to large
Q2 (∼ 104 GeV2). In 1970’s when the DIS experiments started, people expected that the
nuclear structure functions were simple additions of proton and neutron contributions.
Therefore, it was rather surprising that a nuclear modification of F2 was found by the
European Muon Collaboration (EMC) in 1983 [213], although the Fermi-motion part in
the large x region was theoretically discussed before this experiment.
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Figure 28. Measurements for the
nuclear modification ratio FC2 /F
D
2 ,
where C and D indicate carbon and
deuteron, respectively.
Since nuclear binding energies are negligible
in comparison with DIS energies of more than
multi GeV, noticeable nuclear effects were not
expected except for the large-x region before the
EMC’s discovery. The current situation of nuclear
modifications are shown in Fig. 28 for the carbon
nucleus by the ratio FC2 /F
D
2 . At small x (< 0.05),
the ratio is smaller than one and it is caused by
nuclear shadowing, whereas the enhancement at x ∼
0.1 is called anti-shadowing. The modifications are
also negative in the medium x (0.3 < x < 0.7) due
to nuclear binding and possibly nucleon’s internal modification, and the ratio increases
at large x (> 0.8) due to the Fermi motion of the nucleon. The nuclear modification
mechanisms are explained in Ref. [214].
The range of the scaling variable x is 0 < x < A for a nucleus of the mass number
A while 0 < x < 1 for the nucleon. If the variable is defined by xA = Q
2/(2pA · q) =
Q2/(2M¯Aν), the range is given by 0 < xA < 1 in the same way as the nucleon. Here,
M¯A and pA are nuclear mass and momentum, respectively. The mass difference from the
nucleon gives rise to the relation, x = (M¯A/mN)xA ≃ AxA, so that we have 0 < x < A.
Since there is no DIS data in the region x > 1, the extremely large-x region is neglected
in our analysis of the NPDFs.
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q
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Figure 29. Convolution description
for nuclear structure functions.
For describing nuclear structure functions at
medium and large x, we may use a simple
convolution description as shown in Fig. 29. The
hadron tensor for a nucleus WAµν is expressed by the
one for the nucleonWNµν convoluted with the spectral
function S(pN) for a nucleon in the nucleus [214,
215]:
WAµν(pA, q) =
∫
d4pN S(pN)W
N
µν(pN , q). (89)
Namely, the quark distributions in the nucleon are modified by the effect of the
nucleon energy-momentum distribution in the nucleus S(pN), and they are estimated
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by the convolution integral. Then, the projection operator Pˆ µν2 = −M¯A pA ·
q/(2 p˜ 2A) (g
µν − 3 p˜µA p˜ νA/p˜ 2A), p˜µA = pµA−(pA ·q)q µ/q2 is applied to extract the F2 structure
function from WAµν :
FA2 (x,Q
2) =
∫ A
x
dy f(y)FN2 (x/y,Q
2),
f(y) =
∫
d4pN S(pN) y δ
(
y − pN · q
mNν
)
, y =
M¯A pN · q
mN pA · q ≃
Ap+N
p+A
, (90)
where the lightcone momentum is defined by p+ = (p0 + p3)/
√
2. The spectral
functions S(pN) have been investigated in electron scattering studies. Using them in
the convolution integral, we can calculate the effects of binding, Fermi motion, and
short-range correlations in FA2 /F
D
2 . However, they may not be enough to explain the
whole nuclear modifications observed experimentally, and modifications of the internal
structure of the nucleon in FN2 could be needed [216].
On the other hand, the small-x part is modified by a different mechanism of nuclear
shadowing. In charged-lepton scattering, virtual photon (γ∗) transforms into a vector
meson or corresponding qq¯ state because they have the same quantum numbers. Using
the photon momentum q = (ν, 0, 0, −
√
ν2 +Q2), we have the propagation length of
the vector meson as λ = 1/|EV − Eγ | ≃ 2ν/(M2V + Q2) = 0.2 fm/x > 2 fm at x < 0.1.
It is larger than the average nucleon separation in a nucleus (2.2 fm). The F2 structure
function is expressed by the γ∗A cross section as FA2 (x,Q
2) ≃ Q2σγ∗A/(4π2α) at small x,
where α is the fine structure constant. We consider the picture that the virtual photon
interacts as the vector meson or qq¯ state (h) with a nucleus, and then structure function
F2 is expressed by the hadron-nucleus cross section σhA and spectral function of the
hadronic state Π(s) as
FA2 (x,Q
2) =
Q2
π
∫ ∞
4m2pi
dM2
M2Π(M2)
(M2 +Q2)2
σhA(M
2), Π(s) =
1
12π2
σe+e−→hadrons(s)
σe+e−→µ+µ−(s)
, (91)
where Π(s) contains vector-meson and qq¯-continuum contributions. Because the hadron
propagation length is longer than the average nucleon separation, the hadron h interacts
with a nucleon not only once but also multiple times. This process is described by
multiple scattering theory, and it gives rise to the nuclear shadowing. In the weak
interactions, the axial vector current contributes to the cross section in addition to the
vector one, so that the axial-vector mesons (or corresponding qq¯ states) contribute to
the shadowing. Here, we do not explain more about the nuclear modifications by the
convolution picture and the shadowing phenomena so one may read Ref. [214] for the
details.
7.2. Parton distribution functions in nuclei
As discussed in the previous section, we know the x dependence of nuclear modifications
from experimental measurements for various nuclei, and major theoretical ideas have
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been proposed to explain the nuclear modifications observed experimentally. If the
order of nuclear effects is merely needed, or if only the gross properties of nuclear
structure functions are studied, such theoretical models are good enough to predict the
nuclear structure functions for estimating neutrino-nucleus cross sections. However, it
is not the case in the current neutrino experiments. Accurate theoretical cross sections
are needed for neutrino oscillation experiments where uncertainties associated with the
current understanding of the neutrino-nucleus interactions are the dominant sources of
systematic errors. The theoretical models are valuable for us to understand the physics
behind the nuclear modifications; however, they may not provide predictions accurate
enough for high-energy neutrino reactions. Therefore, it is usual to use a global analysis
result for the NPDFs in the same way that the global-analysis PDFs are used for Large
Hadron Collider (LHC) analysis for finding new physics beyond the standard model.
One could determine the NPDFs by parametrizing them in the same way as the
nucleonic PDF analysis. However, it is practically more useful to express the NPDFs
in terms of the nucleonic PDFs by assigning nuclear modification factors wi(x,A, Z) at
the initial Q2 scale (≡ Q20) as [217]
uAv (x,Q
2
0) = wuv(x,A, Z)
1
A
[
Z uv(x,Q
2
0) +Ndv(x,Q
2
0)
]
,
dAv (x,Q
2
0) = wdv(x,A, Z)
1
A
[
Z dv(x,Q
2
0) +Nuv(x,Q
2
0)
]
,
u¯A(x,Q20) = wu¯(x,A, Z)
1
A
[
Z u¯(x,Q20) +Nd¯(x,Q
2
0)
]
,
d¯A(x,Q20) = wd¯(x,A, Z)
1
A
[
Z d¯(x,Q20) +Nu¯(x,Q
2
0)
]
,
s¯A(x,Q20) = ws¯(x,A, Z) s¯(x,Q
2
0),
gA(x,Q20) = wg(x,A, Z) g(x,Q
2
0), (92)
because the nucleonic PDFs have been determined accurately in a wide kinematical
region of x and Q2 and nuclear modifications are of the order of 10-20%. Furthermore,
nuclear data are often shown in ratio forms such as FA2 /F
D
2 , so that the modifications
could be obtained more easily rather than the absolute distributions. Here, wi is the
nuclear modification factor to be determined by a global analysis, i is a parton species,
and A, Z, and N are mass, atomic, and neutron numbers. The functional form of
Eq. (92) cannot describe the NPDFs at x > 1; however, it is not an issue at this
stage because there is no DIS data in such an extremely large-x region. The scale
Q20 is taken as Q
2
0 = 1 GeV
2 in our analysis, so that the charm-quark modification
factor wc(x,A, Z) does not exist. Although we found an effect on the NuTeV anomaly
about sin2 θW from the nuclear modification difference between uv and dv in Ref. [218],
it is impossible to determine it from experimental measurements at this stage [219].
Therefore, the parameters in wuv and wdv are assumed to be the same except for one-
type parameters (such as auv and adv in Eq. (93)), which are fixed independently by the
baryon-number and charge conservations, in our current parametrization. Furthermore,
the antiquark modifications are assumed equal wu¯ = wd¯ = ws¯ ≡ wq¯ although they could
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be different [220, 221].
We try to determine the nuclear modification parts wi(x,A, Z) by a global analysis
of world data on high-energy nuclear reactions. The functions are parametrized in the
form
wi(x,A, Z) = 1 +
(
1− 1
Aα
)
ai + bix+ cix
2 + dix
3
(1− x)β , (93)
with the parameters α, β, ai, bi, ci, and di. At this stage, there is no solid data to
separate flavor-dependent nuclear effects, and thus we take i = uv, dv, q¯, and g as the
parton species. The cubic functional form is employed in the numerator of the second
term of Eq. (93) in order to have similar x-dependent variations as in Fig. 28. The initial
scale Q20 is arbitrary as long as it is taken in the region where perturbative QCD can
be applied. In order to avoid higher-twist effects, it is desirable to take it more than a
few GeV2. However, the electron-ion collider like HERA does not exist for nuclei at this
stage, which limits the kinematical region of measured structure functions. This fact
inevitably leads to small Q2 values at small x in the structure-function measurements. In
order to include valuable shadowing information at small x, we may take Q20 = 1 GeV
2.
However, the small Q2 region could contain the higher-twists effects, which are neglected
so far in our analysis. There are three obvious constraints for the NPDFs from the
conservations of baryon number, charge, and momentum:
Baryon number: A
∫
dx
[
1
3
uAv (x) +
1
3
dAv (x)
]
= A,
Charge: A
∫
dx
[
2
3
uAv (x)− 13dAv (x)
]
= Z,
Momentum: A
∑
i=q,q¯,g
∫
dx xfAi (x) = A,
(94)
where fAi (x) indicates the PDFs f
A
u (x) = u
A(x), fAd (x) = d
A(x), and so on. Therefore,
the parameters in Eq. (93) are determined in a global χ2 analysis under the three
constraints of Eq. (94).
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Figure 30. HKN nuclear modifica-
tions at Q2 = 4 GeV2.
The nuclear modification functions wi(x,A, Z),
more specifically the parameters introduced in
Eq. (93), are determined by a global analysis
of charged-lepton DIS measurements on the ra-
tios FA2 /F
D
2 and F
A
2 /F
A′
2 and Drell-Yan ratios
σpADY /σ
pD
DY [217]. The NPDFs of Eq. (92) are
evolved to the experimental Q2 points by the stan-
dard DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi) evolution equations [222] for calculating the
χ2 values. The functions wi are shown in Fig. 30 with
the uncertainty bands estimated by using the Hessian matrix obtained in the χ2 fit. The
valence-quark distributions are well determined for x > 0.3 because the valence-quark
distributions dominate the structure function FA2 at medium and large x (> 0.3) and
there are many experimental data, as typically seen in Fig. 28, to constrain the valence-
quark modification wuv and wdv (= wuv for an isoscalar nucleus
40Ca) at x > 0.3. The
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antiquark distributions dominates F2 at small x, so that the antiquark modification
wq¯ is also determined well in the shadowing region at x < 0.05 by the F2-ratio data.
The function wq¯ is also fixed by the Drell-Yan data, which indicated almost no nuclear
modification in the region 0.05 < x < 0.2. If there is no nuclear modification for the
antiquark distributions at 0.1 < x < 0.2, the anti-shadowing data, typically seen as
the positive modification at x ∼ 0.1 in Fig. 28, should be interpreted as the positive
nuclear effects in the valence-quark distributions. This is the reason why the function
wuv is also determined well at 0.1 < x < 0.2. Because of the baryon-number and charge
conservations in Eq. (94), the valence-quark modifications at small x are constrained by
the same functions determined for x > 0.1. Therefore, the valence-quark functions have
small uncertainties in the whole-x region. The antiquark distributions at x > 0.2 are
not determined by the current measurements and have large errors as shown in Fig. 30.
The gluon distribution in the nucleon is determined mainly by the scaling violation of
F2. However, the scaling violation is not obvious experimentally in the ratios F
A
2 /F
A′
2 ,
which makes it difficult to pin down the gluon nuclear modification wg as shown by the
large uncertainty band in Fig. 30. Including LHC data, we hope to find more accurate
gluon distributions in nuclei.
In our studies, the distributions defined by Eq. (92) are called NPDFs by considering
a nucleus as a whole system in the same way as the nucleonic PDF. However,
the distributions f
p/A
i are sometimes called NPDFs for the parton type i by other
groups [223] with the definition fAi (x,Q
2
0) = [Z f
p/A
i (x,Q
2
0) + Nf
n/A
i (x,Q
2
0) ] /A by
considering proton and neutron contributions in a nuclear medium, and they should
not be confused with our NPDFs fAi (x,Q
2
0). If both definitions are not confused, the
choice does not matter. In comparing the nuclear modifications of various groups, we
should be careful about this difference in the definition.
Determined HKN NPDFs are compared with other analysis results [223] in Fig. 31.
All the distributions are similar except for the gluon modifications at small x and
antiquark/gluon modifications at medium x because they are not well constrained
by experimental measurements. However, the LHC experiments are in progress and
they are generally sensitive to small-x NPDFs, so that the gluon shadowing should
be determined more reliably by including LHC measurements. In fact, a large gluon
shadowing is suggested by studying productions of vector mesons at LHC [224]. On the
other hand, in comparison with the LHC data on charged-hadron, dijets, and direct-
0.6
0.7
0.8
0.9
1
1.1
1.2
0.001 0.01 0.1 1
x
w
i
(x)
Q2 = 4 GeV2
40Ca uv
HKN
EPS
DSSZ
nCTEQ
0.6
0.7
0.8
0.9
1
1.1
1.2
0.001 0.01 0.1 1
x
w
i
(x)
Q2 = 4 GeV2
40Ca
HKN
EPS
DSSZ
nCTEQ
u
0.6
0.7
0.8
0.9
1
1.1
1.2
0.001 0.01 0.1 1
x
w
i
(x)
Q2 = 4 GeV2
40Ca
HKN
EPS
DSSZ
nCTEQ
g
Figure 31. Comparison of various nuclear PDFs at Q2 = 4 GeV2 for 40Ca.
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photon productions in p+Pb, the current NPDFs seem to be consistent [225]. There is a
possibility that nuclear modifications are flavor dependent as studied in Refs. [219, 220],
and such effects may be found in neutrino DIS data. In fact, flavor-dependent nuclear
modifications were recently investigated by the nCTEQ collaboration [223]. However,
there is no clear data at this stage to indicate the flavor dependence for valence-quark
and antiquark modifications. There is also Drell-Yan experiment in progress at Fermilab
to probe the flavor dependence and nuclear modifications in antiquark distributions by
the E906-SeaQuest collaboration [226]. The flavor dependence could be investigated by
a future JLab experiment [227], and the full analysis of nuclear EMC ratio FA2 /F
D
2 is
also in progress at JLab. In future, JLab and Fermilab Drell-Yan measurements will
shed light on the flavor separation of the nuclear modifications.
7.3. Nuclear modifications in neutrino-nucleus DIS
Table 2. Neutrino DIS experiments.
ν energy # of data
Experiment Target (GeV) ν ν¯
CDHSW [228] Fe 20−212 465 464
CHORUS [229] Pb 10−200 412 412
NuTeV [30] Fe 30−500 1168 966
Next, we discuss impacts of neutrino
data on the determination of the NPDFs.
The CDHSW, CHORUS, and NuTeV
collaboration data [228, 229, 30] in Table 2
could be used in a global analysis. In
addition, there are measurements by
WA25, WA59, Serpukhov, CDHS, and
CCFR. However, since their errors are
larger than those of CDHSW, CHORUS,
and NuTeV, they may not play a major role for determining NPDFs in a global analysis.
There is no small x (< 0.01) data, and the kinematical range of the CDHSW, CHORUS,
and NuTeV data is roughly comparable to the current charged-lepton DIS data. The
advantages of the neutrino reactions are to probe flavor-dependent distributions and
valence-quark distributions by the structure functions F2 and F3 as shown in Eqs. (36)
and (37). However, neutrino interactions are weak, so that a huge heavy-nuclear target
should be used. Nuclear corrections need to be taken into account appropriately to
discuss nucleonic PDFs from the neutrino DIS measurements. For the charged-lepton
DIS, the FA2 /F
D
2 -ratio data are available, whereas there is no deuteron measurement for
the neutrino DIS. Therefore, instead of the neutrino DIS structure functions, the cross
sections could be directly taken into account in the global χ2 analysis. For example, the
NuTeV collaboration supplied their data by both cross sections and structure functions
measured with the iron target. There, the “isoscalar corrections” are applied to the
structure function data, whereas raw data without the corrections are given for the
cross sections.
According to the nCTEQ analysis [231], there are significant nuclear modification
differences between charged-lepton DIS and neutrino ones. Our preliminary analysis also
tends to obtain a result similar to the nCTEQ modifications which are different from the
charged-lepton ones, especially in the region x < 0.4. If it is true, we should be careful in
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Figure 32. Comparison of HKN calculations with NuTeV data on ν-Fe and ν¯-Fe cross
sections [230].
calculating neutrino-nucleus cross sections in terms of the NPDFs determined mainly by
the charged-lepton DIS measurements. So far, we take the same nuclear modifications
for granted in discussing neutrino and charged-lepton DIS processes for nuclei. In the
NPDF analyses of other groups (EPS, DSSZ) [223], there is no conspicuous difference,
so that it is desirable to examine this issue by an independent analysis group. However,
according to nCTEQ, the different results are caused by using different neutrino data
sets. The nCTEQ used the raw cross section data while others used the corrected
structure-function data.
We compare the cross sections data with the HKN calculations at the same
kinematical points. For example, the comparison with the NuTeV data is shown in
Fig. 32. Almost all the data are compatible with the HKN except that there are
discrepancies at x = 0.015 and 0.045 columns. These differences indicate that shallower
shadowing effect is needed for explaining the NuTeV data. Actually, the shallow
shadowing and suppression of the antishadowing effect are reported by the nCTEQ
analysis [231]. On the other hand, the HKN parametrization seems to be consistent in
the region 0.125 ≤ x ≤ 0.55, Eν ≤ 245 GeV, so that nuclear modifications would be
similar to the HKN ones in this medium-x region. Therefore, if the neutrino data are
included in the global analysis, the nuclear modifications could be rather different from
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the ones obtained mainly from the charged-lepton DIS at small x. Our analysis is in
progress and more complete results will be reported elsewhere [230]. There is also an
effort to compare the neutrino-F2 data directly with the charged-lepton F2 for the iron
nucleus [232], and some differences seem to exist in the small-x region (x < 0.05).
Aside from this issue, the neutrino DIS experiment is in progress by the MINERνA
collaboration [48] for various nuclei such as carbon, iron, and lead. They reported
negative nuclear modifications at 0.05 < x < 0.15 significantly larger than current
expectations from typical simulations. It means that nuclear effects in neutrino DIS
are much different from our understanding by the current NPDFs at x ∼ 0.1. It is
an interesting result to be investigated theoretically. At small x, the W boson from
the neutrino could propagate as axial-vector meson states in addition to vector meson
ones, which causes a shadowing phenomena by multiple scattering of the mesons in a
nucleus. Due to the additional axial-vector meson contributions, the shadowing could
be different in the neutrino DIS from the one in the charged-lepton DIS. Although the
MINERνA measurement at x ∼ 0.1 is still not in the shadowing region, such an effect
may influence phenomena in this region.
7.4. Neutrino-nucleus reactions at Q2 → 0
Since the neutrino energies are of the order of 1-10 GeV for the current neutrino
oscillation experiments, we need to have accurate neutrino cross sections in a wide
kinematical range shown in Fig. 1. There is a region, 0 < Q2 < 1 GeV2 and W 2 ≥ 4
GeV2, where both the DIS and resonance descriptions do not apply. Due to the condition
Q2 < 1 GeV2, the cross section cannot be described by partons. It also cannot be
described by nucleon resonances due to the condition W 2 ≥ 4 GeV2. Before stepping
into neutrino-nucleus reactions, we need to understand neutrino-nucleon reactions at
Q2 → 0.
In the next two paragraphs, we show that the neutrino cross sections at Q2 → 0
are related to the pion-nucleon cross sections thanks to the partial conservation of the
axial-vector current (PCAC). This observation will be a guidance to develop a model
for the kinematical region in question. In general, the transverse (T ) and longitudinal
(L) structure functions are defined by corresponding total neutrino cross sections σT, L
as [233]
FT,L(x,Q
2) =
1
π
√
1 +Q2/ν2Q2 σT, L ,
σT, L =
(2π)4
4
√
(p · q)2 − p2q2
∑
f
δ (4)(p + q − pf) | 〈 f | εT,L · J(0) | p 〉 |2 , (95)
where εT,L is the polarization vector of W or Z. In weak interactions, there are vector
(V ) and axial-vector (A) currents, which have transverse and longitudinal components.
We know that the transverse cross section is finite at Q2 = 0. From Eq. (95), this fact
suggests that the transverse structure function should vanish (FT → 0) at Q2 → 0.
Towards a Unified Model of Neutrino-Nucleus Reactions for Neutrino Oscillation Experiments59
The vector-current part of the hadron tensor should satisfy q µWµν = 0 because
the vector current is conserved. Therefore, the relation between the transverse and
longitudinal ones (F VL ∼ Q2F VT ) for the vector part is the same as the charged-lepton
DIS. The axial-vector current is not conserved, so that a special attention needs to be
paid at Q2 → 0. It should be taken so as to satisfy the PCAC, ∂µAµa (x) = fpim2pi πa(x),
where fpi is the pion-decay constant, mpi is the pion mass, and πa(x) is the pion field
with the isospin index a. The PCAC leads to the relation that the axial-vector part of
the structure function is finite, and it is given by the pion-scattering cross section σpi as
F AL → f 2pi σpi/π at Q2 → 0.
In order to describe the neutrino cross section in this region of 0 < Q2 < 1 GeV2
and W 2 ≥ 4 GeV2, we need to express the structure functions by separating them into
vector and axial-vector components. Then, we use the PCAC for the axial-vector part.
However, the extrapolation of the structure functions into region Q2 < 1 GeV2 is not
obvious, although they are known at Q2 = 0. Considering experimental data, we may
determine the Q2 dependence with some theoretical guidance. We have not completed
such an analysis at this stage. There were some studies, and Bodek and Yang [234], for
example, supplied a widely-used model that is obtained by extending the DIS structure
functions so as to be consistent with the data and the PCAC. However, a much simpler
model without considering the PCAC is sometimes used, for example, in the FLUKA
simulation [235] by taking F2, 3(x,Q
2) = (2Q2)/(Q20+Q
2)F2, 3(x,Q
2
0). Further theoretical
investigations in this kinematical region are highly called for. Particularly, the current
studies in this kinematical region are restricted to the neutrino-nucleon interactions.
Because we have information on nuclear structure functions FA2 and F
A
3 , we should
be able to estimate the neutrino-nucleus interactions and such theoretical efforts are
needed.
8. Perspective
We have seen the latest development of neutrino-nucleus reaction models for the low-
energy, QE, RES, and DIS regions; our own developments are particularly highlighted.
Towards a unified description of the neutrino-nucleus reactions for all the relevant energy
region, further developments are needed in each of the kinematical regions. To close the
paper, we remark below possible future developments.
Few-body: The presented framework, correlated Gaussian combined with complex
scaling method, would be applied to electron- and neutrino-induced reactions on light
nuclei in the QE region. Implementation of a modern nuclear force including genuine
three-body interaction will be important for more accurate descriptions of nuclear
responses with various momentum transfer as suggested in Ref. [236]. It would also
be interesting to study two-body current contributions. An ab initio calculation done
with the Green’s function Monte Carlo method showed a rather large two-body current
contributions [100]. An independent ab initio calculation is desired to evaluate possible
uncertainties associated with theoretical models and calculational methods.
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QE: It was shown that the inclusive electron scattering data in the QE region are
well described with the impulse approximation scheme. In the scheme, the hole and
particle propagations in nuclei are described by the nuclear spectral function, and FSI
are accounted for by the the convolution method. On the other hand, the limitation of
the approach is found in describing the dip region for which more mechanisms must be
taken into account [12, 16, 199, 237, 238]. There are a large body of electron scattering
data available over a broad range of energy and momentum transfer that can be used
to test various mechanisms such as 2p2h, meson-exchange current, and transparency.
The analysis of the electron scattering data can serve not only to determine the
vector current part of the neutrino cross sections, but also to constrain the nuclear
effects more stringently than the neutrino scattering data. In interpreting data from
long-baseline neutrino oscillation experiments like T2K that mainly utilize low-energy
neutrino beam (Eν <∼ 1 GeV), a solid understanding of the CCQE(-like) processes is
essential. Therefore, only theoretical models that have been validated by the electron
scattering data should be used in analyzing the data.
RES: There are still remaining issues in the elementary neutrino-nucleon reaction
amplitudes. All models have used cross section data for the elementary single pion
production processes measured in the bubble-chamber experiments [25, 73], in order
to fix the axial coupling for the N -∆(1232) transition. However, the experiments used
the deuterium target and, as discussed in Ref. [74] and Sec. 6.1, the FSI could be
important to extract the elementary-process cross sections from the data although it
was neglected in the published analyses [25, 73]. Thus it will be important to extend
the analysis of Ref. [74] to analyze the bubble-chamber data to extract the elementary
cross sections, and this is currently underway. Another issue is Q2 dependence of axial
N -N∗ form factors for higher resonances beyond ∆(1232). Although the Q2 dependence
has been assumed to be a dipole form with the axial mass of ∼ 1 GeV, this could be
improved for N∗ near the DIS region by matching the structure functions of the DCC
model with those calculated with the nucleonic PDF in the region where the RES and
DIS regions are overlapping; W ∼ 2 GeV and Q2 > 1 GeV2. This matching can be
done with the DCC model because the model includes ππN channel that would give a
dominant contribution in this region. Actually, as shown in Fig. 33, the DCC model and
the nucleonic PDF are already reasonably consistent for the vector (electromagnetic)
current at x ∼ 0.45 (where W ∼ 2 GeV), because both of them have been fitted to
relevant inclusive electron scattering data. We expect a result similar to Fig. 33 can
also be achieved for the axial current by adjusting the N -N∗ form factors in the DCC
model. In future, lattice QCD will be able to provide us with information on the axial
vector response of the nucleon in the RES region, and this LQCD-based input will be
implemented in the reaction model [72].
Next important task is to construct a neutrino-nucleus reaction model in the RES
region using the DCC elementary amplitudes as a building block. In the ∆(1232) region,
a quantum mechanical description is possible with the ∆-hole model [170, 171, 172, 173].
As discussed in Sec. 6.2, we have developed such a model for the coherent pion
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Figure 33. (Color online) F2 for the inclusive electron-proton scattering at Q
2 =
2.425 GeV2 calculated with the DCC model (red solid curve) and with the nucleonic
PDF (blue dashed curve). The horizontal axis is Bjorken scaling variable x. The data
are from Ref. [239].
productions. It would be desirable to apply the method also to incoherent pion
productions that are relevant to the T2K experiment. The DCC amplitudes should also
be a reasonable input for a neutrino-nucleus reaction model for the whole resonance
region, and this development should be pursued. It is worth emphasizing again that
the DCC model is the only available model that provides: (i) two-pion production
amplitudes with all the resonance contributions taken into account; (ii) the well-
controlled interference between the resonance and non-resonance contributions.
DIS: The NPDFs should be determined by including neutrino DIS data. In particular,
the issue of the difference between the nuclear modifications of charged-lepton DIS
and neutrino DIS should be clarified. Furthermore, experimental information from
LHC needs to be considered and it could constrain the NPDFs in a small-x region.
Experimental efforts are in progress to measure the nuclear modification in neutrino
DIS by the MINERνA collaboration. Its data will provide new information in the
anti-shadowing region. Because axial-vector mesons contribute to the shadowing in the
neutrino DIS in addition to vector mesons according to the vector-meson-dominance
model, shadowing could be different for neutrino DIS from the one for charged-
lepton DIS. Such effects could affect the nuclear modifications in the neighboring anti-
shadowing region. Therefore, the shadowing and anti-shadowing phenomena should be
interesting theoretical topics that can be studied with future neutrino measurements.
Next, a model needs to be developed in the small Q2(< 1 GeV2) region with large
W 2(> 4 GeV2). Because this region cannot be described solely by DIS models or
resonance models, simple empirical models have been used. However, such studies
are so far only for the neutrino-nucleon interactions, and a realistic model for the
neutrino-nuclear interactions should be developed by taking into account proper nuclear
modifications.
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